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Formation and Growth of Ion-Induced Nanoparticles in SiNx 
by 
 
Justin C. Canniff 
 
Chair: Rachel S. Goldman 
 
For many decades, there has been interest in low-dimensional structures 
(nanostructures) due to their expected unique physical properties. Due to the size 
dependence of their band gap energy, light emission, and free carrier confinement, NCs 
are promising for tandem solar cells, optical amplification medium, and memory 
applications.  In addition, NCs may scatter acoustic phonons, thereby enabling 
engineering of the phonon mean free path and the resulting thermal conductivity.  In this 
thesis, we examine the formation of metallic and semiconducting nanostructures using 
various focused-ion-beam irradiation doses followed by rapid-thermal-annealing.  The 
mechanisms for nanocomposite formation and their influence on acoustic phonon 
resonances in SiNx are examined. 
For a range of high dose Ga
+
 irradiations of SiNx, we report on the formation of 
Si, SiN, Ga, and GaN embedded nanocrystals (NCs) as well as Ga-rich fractal 
morphologies.  Since the fractal dimensions depend on surface Ga coverage, their growth 
may be due to rapid successive nucleation, local nucleation and fractal growth induced by 
xiv 
the release of heat during crystallization.  During ultra-high dose Ga
+
 irradiation, 
redeposition is enhanced by developing side walls, leading to enhanced near-surface [Ga] 
and [Si].  Subsequent RTA leads to the formation of Si and Ga NCs embedded in SiNx.  
When the ratio of the irradiated area to the sidewall area is increased, redeposition is 
limited, and SiNx and GaN NCs are also apparent.  We discuss the effect of limited 
redeposition on NC formation and the catalytic effect of Ga on Si nucleation and growth.   
For a combination of low and medium dose Ga
+
 irradiation into SiNx, we report 
on the formation and coarsening of near-surface Ga nanoparticles (NPs).  For surfaces 
with minimal curvature, diffusive growth is apparent.  Following annealing at elevated 
temperatures, the diffusive flux is increased, leading to NP coarsening by Ostwald 
ripening.  For surfaces with increased curvature, the driving force for diffusion towards 
the valleys also increases, leading to Ga NP coalescence and a bi-modal distribution of 
NP sizes. 
Finally, we have investigated the effect of embedded NCs on coherent acoustic 
phonon damping in SiNx membranes. Similar acoustic phonon damping was observed for 
the as-received, annealed, and as-implanted SiNx membranes whose thickness exceeds 
200nm. For the thinner SiNx membranes, an increase in acoustic phonon damping is 
observed for both as-received membranes and those which were implanted and annealed 
to form nano crystallites. 
1 





For many decades, there has been interest in low-dimensional structures 
(nanostructures) due to their expected unique physical properties.  For semiconductor 
nanostructures, with sizes similar to or less than the Bohr exciton radius, the effective 
bandgap is dependent on the size of the nanostructure.
1
  Also, when the size of the 
nanocrystals is similar to the phonon wavelength, phonon damping is enhanced.
2
  
Semiconductor nanocomposites may be formed by a wide variety of methods including 
molecular beam epitaxy, atomic beam deposition, evaporation, or solution-based 
deposition.  However, these techniques offer limited control over size and shape 
uniformity of nanocrystal ensembles,
3,4,5,6,7,8,9
  often due to the agglomeration of 
NPs.
3,4,5,10
  Ion implantation followed by subsequent thermal processing or further ion 
irradiation has been used to induce the precipitation of nanoparticles within a host 
matrix.
11,12,13,14,15,16
  Furthermore, focused ion beam (FIB) implantation has shown 
promise for allowing selective lateral patterning of nanostructures.  Implantation areas 
have produced selective nucleation sites for Ge islands on Si,
17
  near-surface GaN 
nanocrystals in GaAs,
18
 Cu2O nanodots on SrTiO3,
19
 and InP nanowires on GaAs.
20
  In 
this thesis, we examine the selective formation and spatial positioning of Si, SiN, Ga, and 
 
2 
GaN embedded NCs and near-surface Ga NPs in SiNx, synthesized by Ga
+
 focused ion 
beam (FIB) irradiation and subsequent RTA.   
This chapter opens with a description of key unique properties of nanostructured 
semiconductors including electron confinement and phonon scattering.  We then discuss 
the predicted and observed properties of GaN, Si, and Ga nanostructures along with their 
applications and synthesis.  Finally, this chapter concludes with an outline and objectives 
of the dissertation. 
 
1.2 Nanostructured Semiconductors: Confining Electrons and Scattering Phonons 
 
1.2.1 Electron Confinement 
 
For semiconductor nanostructures, the effective bandgap is dependent on the size 
of the nanostructure, when the size is similar to the Bohr exciton radius.  The Bohr 
exciton radius is the size at which the energy of the electron-hole pairs (excitons) 
becomes split into discrete states, leading to quantum confinement.
21
  For GaN, the Bohr 
exciton radius is expected to be 2.8-11 nm,
22,23,24
 while for Si, it is expected to be ~2.2 
nm.
25
  For insulating materials like Si3N4, which have a bandgap larger than 5 eV, the 
Bohr radius is expected to be very small, similar in size to the unit cell.
26
  Most 
processing methods are limited, and cannot achieve nanostructures small enough for 
quantum confinement.  Stranski-Krastanow (SK) growth has been used to form 
nanostructures as small as 10 nm in diameter,
27,28,29
 but that is only small enough for 
quantum-confinement in materials with large Bohr exciton radii, such as InAs with a 30-
 
3 
34 nm Bohr exciton radius.
30,31
  For SK growth, the minimum size of the nanostructures 
is limited by the misfit strain between the film and substrate.
32,33
 Although droplet 
epitaxy of QDs in not limited by misfit strain,
34
 the smallest GaN reported to date have 
similar ~10 nm diameters.
35,36,37
  The controlled formation of nanostructures through ion-
beam synthesis, as discussed below, has been used to form nanostructures as small as ~5 
nm,
38,39
 potentially enabling quantum confinement in materials with smaller Bohr exciton 






1.2.2 Scattering of Acoustic Phonons 
 
In nanocomposite materials consisting of nanocrystals in a matrix, the phonon 
wavelength is similar to the size of the nanocrystals, resulting in enhanced scattering of 
the waves by the grain boundaries as illustrated in Fig. 1.1.
40
  This scattering leads to the 







The thermal conductivity of various nanostructures including nanowires and 
nanocomposites is also reduced due to phonon scattering at boundaries.  Thus, a 
multilayer structure of Ge nanoparticles on Si layers led to decreased thermal 
conductivity below the amorphous limit.
46
  In another study, resonant acoustic waves in 
Si membranes were examined, but only the fundamental mode is observed.
47
  In other 
work, resonant acoustic modes in a semiconductor membrane were observed to be 
dependent on the repetition-rate frequency offset in an ASOPS configuration (see section 
2.9).
48
  Directly correlating nanostructures to the damping of specific acoustic phonon 
 
4 
frequencies can potentially enable engineering of the phonon mean free path, which can 
enable thermal conductivity minimization.   
 
1.3 Visible Optoelectronics: GaN and SiNx Nanostructures 
 
Due to its direct bandgap, GaN is of interest for high temperature electronic and 
visible optoelectronic applications.
49
  GaN typically crystallizes in a WZ structure, but 
ZB GaN has also been reported, offering several advantages over WZ GaN, including 
higher carrier mobilities
50,51
 and lower bandgaps (3.28-3.23 eV
52,53 
vs. 3.5 eV).  Polarized 
spontaneous light emission from LEDs fabricated on ( 0110 ) m plane WZ GaN is 
potentially useful in liquid crystal display applications,
54
 while WZ GaAsN is potentially 
useful in short-wavelength laser applications.
55,56
 The piezoelectric properties of WZ 
GaN have potential applications in field-effect transistors and diodes, where mechanical 
stress is converted to electric energy.
57
   Alternatively, the zinc-blende (ZB) phase of 
GaN is potentially free of polarization fields, which may reduce internal electric fields 
that can be detrimental to ultraviolet optoelectronic device performance.
58,59
  In addition, 
GaN is of interest for high frequency power transistors ( >10 GHz) due to its expected 
high maximum electron velocity, high electron mobility, and high breakdown field.
60
  
GaN-based light emitting diode, laser diode, detector, and transistor performance has 
been improved by SiN passivation or buffer layers.
61,62,63,64,65,66,67,68,69,70,71
   GaN 
nanostructures have been grown by a variety of methods including metal-organic 
chemical vapor deposition (MOCVD),
6,72,73





 with NC sizes ranging from ~3 - 40 nm.  Ga
+
 implantation into N-
 
5 
rich (x > 1.5) α-SiNx:Hy leads to preferential Ga displacement of Si, resulting in Ga-N, 
Ga-Ga, and Si-H bond formation.
75,76,77
  In another report, 0.06 to 5 keV Ga
+
 
implantation into SiN induces the formation of an amorphous GaN surface layer,
78
  
subsequently used for seeding the epitaxial growth of GaN.
79
   
 
 
1.4 Solar Cells and Flash Memory: Si Nanostructures 
 
Due to the size dependence of their band gap energy, Si NCs embedded within a 
dielectric matrix are of interest for tandem solar cells.
80
  Quantum confinement effects for 
Si NCs have been observed for NCs with diameters less than ~7 nm.
81
  To maximize the 
efficiency of a two-cell tandem all-Si solar cell, the top cell should have a band gap of 
~1.75 eV, while the bottom cell is crystalline Si (1.1 eV bandgap).
82
  A diagram of this 
tandem cell is shown in Fig. 1.2.  Si NCs with diameters as small as ~2 nm and bandgaps 







   
Due to their confinement of free carriers, Si NCs are also promising for use in 
flash memory.
86
  In flash memory, as shown in Fig. 1.3, the NCs are separated from the 
source and drain by a thin oxide layer, called the tunnel oxide.  Electrons can be stored in 
the NCs by applying a forward bias to the gate with respect to the source and drain.
86
  
This stored charge will screen the gate, increasing the threshold voltage of the transistor.  
The voltage shift for one electron per nanocrystal has been described as: 
      (1.2) 
 
6 
Where ΔVT is the threshold voltage shift, nwell is the density of nanocrystals, ϵox is the 
permittivity of the oxide, tcntl is the thickness of the control oxide, twell is the linear 
dimension of the nanocrystal well, and ϵSi is the permittivity of Si.
86
  Basic flash memory 
stores a bit of data by distinguishing between the different threshold voltage states, 
shifted or unshifted.  A larger threshold voltage shift allows the memory to have more 
than two distinguishable states, by utilizing intermediate voltage shift states to effectively 
store multiple bits of data per transistor.  It is therefore advantageous to increase the 
threshold voltage shift, which can be accomplished by increasing the nanocrystal density, 
as shown by Equation 1.2.  Other work has found that B doping of Si NCs has been 
shown to enhance the threshold voltage shift.
87
  Since Ga has been used as both a dopant 
of Si NCs
88,89
 and as a catalyst for Si nanowire growth,
90,91 
it may provide an opportunity 
for simultaneous doping and catalysis of Si NCs.  Co-sputtering
92,93
 and plasma-enhanced 
chemical vapor deposition (PECVD)
94,95
 of Si-rich SiO2 or SiNx, followed by annealing, 
have been used to nucleate embedded Si NCs throughout the film thickness.  Si 
irradiation in conjunction with annealing has also been used to fabricate Si NCs at select 
depths within both SiO2 and SiN x.
96,97,98,99,100,101
  Local regions of excess Si have also 








   
 
1.5 Nanowire Catalysts: Ga Nanoparticles 
 
Due to the size dependence of their band gap energy and light emission, silicon 
nanowires (NWs) are promising for solar cells
107
 and light emitting devices.
108
  
Nanoparticles (NPs) of various metals have been used to catalyze the VLS growth of Si 
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NWs, as shown in the diagram in Fig. 1.4.
109,110,111,112,113,114,115,116,117,118,119,120,121,122,123
  
Since Si NWs have been predicted to exhibit a strong increase in quantum confinement 
for diameters less than 2.2 nm,
110
 it is important to control the diameter of the NWs, 
which is dependent on the diameter of the nanoparticles (NPs).
123,124  
The growth 
direction of the NWs has also been shown to be dependent on the NP diameter, with 
NWs less than 20 nm being mostly <110> oriented, while larger wires also form in the 
<112> and <111> directions.
125
  Due to their lower NW processing temperatures, Ga and 
Au catalysts are preferred over Ni and Fe catalysts.
130
  However Au often forms deep 
impurity levels in the Si band gap,
126
 while Ga has been used as a dopant of Si NCs.
127,128
  
Use of a Ga catalyst For VLS growth of Si NWs has been limited by the low silane 
dehydrogenation activity of Ga.
129
  Recently, Ga catalyzed Si NWs have been realized by 
using silane plasma highly diluted in hydrogen.
130
  Ga NPs have been formed by various 
methods including molecular beam epitaxy,
111,117,131,132,133
























  Ga NPs have 















 focused-ion-beam (FIB) irradiation, 
followed by annealing, has also been used as a means to achieve small Ga NPs within 
selected areas.
91,138
  Random nucleation sites as well as agglomeration and coalescence 
are among the many mechanisms that must be controlled to achieve an ideal NP array.   
 




The first part of this thesis work focuses on Si, SiN, Ga, and GaN nanocrystal 
formation in Ga-implanted and annealed SiNx.  The influence of the sample surface 
topography on redeposition and subsequent NC formation was examined.  For patterned 
samples, redeposition is enhanced by developing side walls, leading to enhanced near-
surface [Ga] and [Si].  Subsequent RTA leads to the formation of Si and Ga NCs 
embedded in SiNx.  When the ratio of the irradiated area to the sidewall area is increased, 
redeposition is limited, and SiNx and GaN NCs are also apparent.  We also observed the 
catalytic effect of Ga on Si NC formation.  When the [Ga] was increased, Si NC 
nucleation was observed.  Upon annealing Si NCs grew and coalesced.  By patterning 
areas of increased [Ga] with the FIB, we have demonstrated control of the nucleation 
locations of Si NCs. 
The middle part of this thesis is devoted to low dose Ga implantations into SiNx 
and the resultant Ga NPs.  The influences of annealing-induced bulk diffusion (due to 
[Ga] gradient) and surface diffusion (due to the chemical potential gradient) on Ga NP 
nucleation, growth, and coalescence by varying the ion fluence, beam spot separation 
(pitch), and annealing.  When surface curvature is limited, dose-limited diffusive growth 
is apparent, leading to nearly close packed arrays with NP diameters as small as 3 nm and 




.  When annealed at elevated temperatures, the diffusive 
flux is increased, leading to NP coarsening by Ostwald ripening.  When surface curvature 
is increased, the driving force for diffusion towards the valleys also increases, leading to 
Ga NP coalescence and a bi-modal distribution of NP sizes. 
In the final part of this thesis, we examine the effect of nanostructures on the 
coherent acoustic phonon damping in SiNx.  The similarity between the nanostructure 
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dimensions and the mean free path of the acoustic phonons is expected to increase 
phonon damping.  Similar acoustic phonon damping was observed for the 200 nm 
unimplanted, unimplanted-annealed, and as-implanted samples.  For the thinner 100 nm 
samples, a ~30% increase in damping was observed.  The present studies not only show a 
linear-like relationship between the damping and acoustic mode frequency, but also 
demonstrate a clear damping dependency on the SiNx membrane thickness.  Both the 
FWHM as a function of frequency and the FWHM data suggest increased damping for 
the nanocrystalline sample relative to the amorphous samples, likely due to the similarity 
of the NC dimensions and the phonon wavelength.  Further experiments could directly 
correlate nanostructures to damping of specific acoustic phonon frequencies, enabling 
engineering of the phonon mean free path that can allow for thermal conductivity 
minimization. 
 
1.7 Dissertation Organization  
 
This dissertation is organized as follows.  Chapter 2 describes the experimental 
procedures used for this thesis work, including focused ion beam (FIB) irradiation, 
transmission electron microscopy (TEM), photolithography, metal deposition, and pump-
probe thermoreflectance experiments. 
In Chapter 3, we discuss the formation of embedded Si, SiN, Ga, and GaN 
nanocrystals (NCs) in SiNx using Ga+ focused-ion beam irradiation of SiNx membranes, 
followed by rapid thermal annealing (RTA).  During irradiation, redeposition is enhanced 





  We examine TEM images and SAD patterns of the NCs formed in 
these samples.  We also discuss the NC sizes after annealing at 900ºC and the catalytic 
effect of Ga on Si NC formation. 
Chapter 4 presents investigations of low dose Ga implantations into SiNx and the 
resultant Ga NPs.  We examine the effects of annealing-induced diffusion, due to the 
vertical [Ga] gradient and the chemical potential gradient, on the growth and coalescence 
of Ga NPs.  Using HAADF STEM images, we examine the size and distribution of the 
Ga NPs following irradiation and annealing.  We also examine the effect of pitch on the 
nucleation and growth of Ga NPs.  For beam spot separations (pitch) less than the lateral 
spread of implanted ions, dose-limited diffusive growth is apparent.  When the pitch 
exceeds the lateral spread of implanted ions, the surface roughness increases, and Ga NP 
coalescence is apparent, leading to a bi-modal distribution of NP sizes.  We compare 
STEM and AFM images to understand the effect of surface curvature and the chemical 
potential gradient on the resulting NP distribution. 
In Chapter 5, we examine the effect of nanostructure on coherent acoustic phonon 
damping.  Similar damping was observed for 200nm thick unimplanted, unimplanted-
annealed, and as-implanted samples.  For thinner 100 nm samples, a ~30% increase in 
damping was observed.  We examine FFTs of the thermoreflectance signals to estimate 
the acoustic phonon damping as a function of frequency.  The present studies show not 
only a linear-like relationship between damping and acoustic mode frequency, but also 
demonstrate a clear damping dependency on SiNx membrane thickness.  More work will 
also be needed to detect the effect of implantation and nanostructure modification on 
damping.  Both the FWHM as a function of frequency and the FWHM data suggest 
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increased damping for the nanocrystalline sample relative to the amorphous samples.  
The increase is associated with the similarity in length scale of the NC dimensions and 
the phonon wavelength.  Further experiments could directly correlate nanostructures to 
damping of specific acoustic phonon frequencies, enabling engineering of the phonon 
mean free path that can allow for thermal conductivity minimization.  Finally in Chapter 






Fig. 1.1  NCs in a matrix scattering phonons that have a wavelength similar to the 
diameter of the NC.  Reprinted with permission from [140].  Copyright 2010 
























Fig. 1.2  Diagram of an all Si tandem solar cell with a top cell of Si QDs and a bottom 































Fig. 1.3  Diagram of flash memory transistor with a Si NC layer between the tunnel 
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This chapter describes the experimental procedures used for the synthesis and 
characterization of the nanostructures studied in this thesis.  For these investigations, 
amorphous 100 x 100 µm SiNx membrane windows with thicknesses of 100, 200, or 500 
nm (Structure Probe, Inc), similar to that shown in Fig. 2.1, were irradiated with normal-
incidence Ga
+
 ions using an FEI Nova 200 Nanolab dual-beam FIB system as described 
in section 2.2.  Following irradiation, samples were rapid thermally annealed at 850-
900°C for 4 - 28min as described in section 2.3.  Transmission electron microscopy 
(TEM) imaging and electron diffraction were carried out in a JEOL 3011 operating at 300 
kV.  XEDS mapping and scanning TEM (STEM) imaging was performed in a JEOL 
2010 TEM operating at 200 kV.  For two-point-probe samples, Si wafers with 500 nm 
SiNx (Structure Probe, Inc) or Si wafers with 2 µm SiO2 and 500 nm SiNx were irradiated 
similar to the membrane samples.  Photolithography and subsequent metal contact 
deposition on the wafer based samples was performed in the Michigan SSEL as described 
in sections 2.7 and 2.8.  Sections 2.9 and 2.10 detail the pump-probe setup used in 




2.2 Focused Ion Beam Irradiation 
 
Many of the SiNx membrane samples described in this dissertation were raster-
scan irradiated with a Ga
+
 focused ion beam (FIB).  This raster-scan FIB irradiation was 






















We explored sample fabrication strategies aimed at maximizing the surface layer [Ga], 
while maintaining the spatial resolution of the FIB.  The expected FIB spot size is 25 nm 
(7nm) at 5 keV (30 keV).
1
  In addition, Profile Code (a PC software program that 
computes Monte Carlo plots of ion implantation profiles) simulations of 30 and 5 keV 
Ga
+
 ions implanted into Si3N4, shown in Fig. 2.1, reveal that 5 keV irradiation is 
predicted to lead to a larger near-surface [Ga] than that of 30 keV irradiation.  Some 
samples were irradiated in a patterned mode, where the pitch is greater than the beam 
spot diameter.  The difference between the raster-scan and patterned mode irradiation is 
shown in Fig. 2.2. 
    
 
2.3 Thermal Annealing 
 
The RTA experiments were carried out using a JetFirst – 150 RTA system at the 
Solid-State Electronic Laboratory (SSEL) of Electrical Engineering and Computer 
Science Department in the University of Michigan. 
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Figure 2.3 presents a diagram of the RTA system.  During RTA, the sample is 
supported on a Si wafer held on thin quartz pins in thermal isolation inside a cell 
containing a controllable gas ambient. A tungsten-halogen lamp heats the sample through 
transparent windows coupled with highly reflective mirrors.  The sample can be heated to 
~1000C for a time interval up to 10 minutes.  RTA samples in this thesis were annealed 
in flowing N2 gas at 850-900°C for 4 - 28min. 
 
2.4 Transmission Electron Microscopy Sample Preparation 
 
The SiNx membranes used for these experiments were 100 – 500 nm thick, thin 




2.5 Transmission Electron Microscopy 
 
The evolution of the SiNx:Ga microstructures was studied using transmission 
electron microscopy (TEM).  We used diffraction contrast imaging, high-resolution TEM 
(HRTEM), and scanning TEM (STEM), which are described below. All TEM 
experiments were conducted at the Michigan Electron Microbeam Analysis Laboratory 
(EMAL), using the JEOL 3011 and 2010F microscopes. 
Diffraction contrast TEM imaging was conducted using a JEOL 3011 or 2010F 
transmission electron microscope operating at 300 and 200 keV, respectively.  The 
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microscope was aligned such that the direct beam and a selected diffracted beam were 
centered in bright-field and dark-field modes, respectively.  A schematic of this 
alignment is shown in Fig. 2.8. The objective aperture was then inserted to select the 
direct beam (000) in bright-field mode, while also selecting the diffracted beam (hkl) in 
dark-field mode.  The TEM is then switched back into imaging mode where a bright-field 
(BF) image is visible in bright-field mode and a dark-field (DF) image is visible in dark-
field mode.  Only the selected beams will illuminate the image, causing diffracted beams 
to be bright in their diffracted DF image, while all diffracted areas of the sample will 
appear dark in the BF image, since only the transmitted (not-diffracted) beam is present.  
This contrast between the BF and DF images is known as “diffraction contrast”.  A 
detailed description of diffraction analysis techniques is presented in Appendix A. 
To obtain STEM images, the microscope is initially aligned at 120K 
magnification.  The microscope is then switched into STEM mode using a 1.0 nm probe 
size.  BF images are obtained from a detector that collects beams with minimal scattering.  
DF images are obtained using a High Angle Annular Dark Field (HAADF) detector that 
collects beams defected at high angles.  Atoms with a larger radius will deflect more 
electrons at a higher angle, therefore appearing brighter in the HAADF images.  This 
contrast is commonly known as “Z contrast”. 
To obtain HRTEM images, the sample was tilted towards the nearest zone axis to 
try to maximize the contrast between the atom columns visible.  The contrast visible in 
these images is due to small phase differences in the transmitted beam due to varying 
amounts of scattering within the sample.  Areas with more scattering, will appear darker, 
while areas will less scattering will appear brightness, forming contrast known as “phase 
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contrast”.  The images were captured with Gatan Digital Micrograph through a CCD 
camera. 
 
2.6 X-Ray Energy Dispersive Spectroscopy 
 
 The chemical composition of various samples was examined qualitatively by X-
Ray Energy Dispersive Spectroscopy (XEDS), in a JEOL 2010 TEM operating at 200 
keV.  During electron beam irradiation, inner-shell electrons in the sample are excited to 
higher-energy states.  Subsequent relaxation to a lower-energy state induces emission of 
an X-ray with energy equal to the difference between electronic energy levels.  These 
energy levels are characteristic of an atom, and therefore the emitted X-rays are also 
characteristic of the excited atom.  The number of X-rays emitted in a given time can be 
roughly related to the concentration of that element in the sample.  In this TEM system, a 




Some Si wafer based samples for 2 point probe measurements utilized 
photolithography for contact deposition.  Samples were initially placed on manual 
spinners and suctioned in place with a vacuum through a hole in the center of the chuck.  
To increase photoresist adhesion, a couple drops of hexamethyldisilazane (HDMS) were 
dropped using a plastic dropper onto the center of the sample.  Then sample was then 
spun at 3000 rpm for 45 seconds.  Then a few drops of the photoresist, SPR 220, were 
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dropped onto the sample using another clean dropper.  The sample was again spun at 
3000 rpm for 45 seconds.  The target photoresist thickness after spinning was about 3 
µm.  The sample was then baked on a hot plate at 150ºC for 90 seconds. 
The next segment of the processing is the exposure to light on the GCA AS200 
AutoStep.  The mask used is chrome mask on a soda lime glass substrate (designed by us 
and ordered from Photo Sciences Inc.).  Figure 2.4 shows a sketch of the mask used, 
which is two 1 mm by 1mm squares with a 3 µm gap between them.  The two squares 
will be exposed by the stepper and eventually become the contacts.  A blank 4” Si wafer 
was used to roughly align the stepper.  Then the wafer is removed and replaced with the 
sample.  The sample is then aligned to the alignment marks and exposed.  After exposure, 
the sample is again baked on a hot plate at 150ºC for 90 seconds. 
The sample is then developed in MF-319 for 50 seconds, followed by a 5 minute 
deionized water rinse.  The sample is then examined in an optical microscope to see if 
development is complete.  If development is not complete, the sample is put in a MF-319 
bath for an additional 10 seconds.  These last two steps are repeated until development is 
completed.  The sample is now ready for metal deposition. 
 
 
2.8 Metal Deposition 
 
Metal was deposited by either evaporation or sputtering.  Evaporation was done in 
either the EnerJet Evaporator or the SJ-20 Evaporator in the Michigan SSEL.  Au and Al 
were evaporated at a rate of 10 Å/sec.  Sputtering was done in the Lab18_02 in the 
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Michigan SSEL.  Al and Ni were sputtered at a rate of ~2.5 and ~3.5 Å/sec, respectively.  
Vacuum during all deposition was ~2e-6 Torr. 
 
2.9 Time-Domain Pump-Probe Thermoreflectance Measurements 
 
Pump-probe measurements were performed using a fs dual-laser system with 
lasers based on Er-doped fiber. A diagram of the transducers and the pump and probe 
lasers incident on a sample is shown in Fig. 2.5.  Individual lasers provide output pulses 
of 0.8 nJ energy, 80 fs pulse duration at a fundamental wavelength of 1550 nm. One laser 
(slave) is locked to the other (master) using synchronization electronics (SE) that controls 
the frequency of the slave laser by adding or subtracting a fixed frequency offset. This 
procedure assures that the slave laser is locked to the repetition rate of the master laser at 
fixed frequency offset difference. The repetition rates for the lasers were ~ 100 MHz and 
the offset frequency is between 0.2 – 7 kHz. Maintaining this frequency offset allows for 
the use of asynchronous optical sampling (ASOPS), a technique used for performing 
pump-probe measurements.
2,3,4,5
 Using a second harmonic generation module, the slave 
laser also produces pulses at 780 nm wavelength with 150 fs duration, which was used as 
the probe laser.
5
  The master laser at a 1550 nm wavelength, 100 fs pulse duration and at 
0.4 nJ pulse energy was used as the pump laser.  Fig. 2.6 presents a schematic of this 
setup including the lasers, key optical components, and detectors. The 780 nm laser beam 
was split prior to reaching the sample using a beam splitter in order to obtain a reference 
signal. This reference signal is compared with the probe beam reflection on the sample 
using a balanced detector in order to reduce background noise.  The maximum temporal 
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scanning interval is the inverse of the laser repetition rate or 10 ns.  The temporal 
resolution of the system is optimized by using a real-time optical triggering method.  As 
shown in Fig. 2.6, an optical cross-correlator combines a portion of the master beam 
reflected using a beam splitter with the fundamental wavelength from the slave laser.  
These two beams are focused with a parabolic mirror and sent through a sum frequency 
generator to produce a cross-correlation beam at 780 nm, which is incident on a detector 
to provide a trigger signal for the data acquisition electronics.  
 
2.10 Pump-Probe Measurements of Acoustic Propagation 
 
The acoustic measurements used the lasers described in section 2.9 and a 
reflection geometry where pump and probe beams are applied on the same surface (side) 
of the sample.  A diagram of another experimental configuration suitable for acoustic 
propagation studies is shown in Fig. 2.7, which uses pump and probe beams applied on 
opposite sides of the sample to monitor phonon transmission through the sample.   Both 
pump and probe beam are perpendicular to the sample, which necessitates the use of a 
beam splitter to capture the probe signal in the detector.  The incident beam goes through 
the beam-splitter and reflects off the sample, returning to be reflected by the beam-splitter 













Fig. 2.1 Picture of a SiNx membrane from Structure Probe Inc. similar to that used for 
the experiments.  Membranes used for our experiments had a 100 x 100 µm 
window of SiNx in the center of a 3 mm diameter Si wafer frame.  We used 










































Fig. 2.2 Ion implantation was done either by (a) raster scan irradiation over a larger 
area with pitch = ½ beam spot diameter or by (b) patterned irradiation, where 







Fig. 2.3 Schematic of the rapid thermal annealing setup.  The sample rests on a silicon 
wafer with a thermocouple contact on the center of the underside.  The 
chamber is purged with flowing nitrogen gas while the sample is heated by a 
halogen lamp housed inside a quartz window. 
Halogen Lamp 










































Fig. 2.4 Diagram of the mask used for photolithography.  The mask consists of two 1 x 
1 mm squares with a 3µm gap between.  During development, the photoresist 
in the two squares will be removed, leaving open the location where the two 








































Fig. 2.5 Diagram of (a) transducers used for pump probe experiments and the lasers 
used for the pump and probe lasers incident on a sample in (b) reflection 
geometry and (c) transmission geometry. 
120 nm Ni 
3 nm Ni 



















































Fig. 2.6 Schematic of the time-domain pump-probe thermoreflectance setup: SE – 
Synchronization electronics; BS – beam splitter; PM – parabolic mirror; D, 
D1, D2 – detectors; SFG – sum-frequency generation; DM – dichroic mirror; 


































Fig. 2.7 Schematic of the transmission pump-probe setup.  SE – Synchronization 
electronics; BS – beam splitter; PM – parabolic mirror; D, D1, D2 – detectors; 
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This chapter describes our investigations of the formation of embedded 
nanocrystals (NCs) as well as Ga-rich fractal morphologies using a range of high dose 
Ga
+
 focused-ion beam irradiation of SiNx membranes, followed by rapid thermal 
annealing (RTA).  This chapter begins with background on Si NC formation and 
applications.  We consider Profile Code simulations of Ga
+
 implantation into SiNx and 
then detail our experiments of FIB implantation into SiNx membranes and subsequent 
RTA.  We then discuss our main findings, namely the effect of redeposition on NC 
formation.  During irradiation, redeposition is enhanced by developing side walls, leading 
to enhanced near-surface [Ga] and [Si].  Subsequent RTA leads to the formation of Si and 
Ga NCs embedded in SiNx.  When the ratio of the irradiated area to the sidewall area is 
increased, redeposition is limited, and SiNx and GaN NCs are also apparent.  We also 
discuss the catalytic effect of Ga on Si nucleation and growth.  The chapter concludes 
with a summary. 
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3.2 Background 
 
Due to the size dependence of their band gap energy, light emission, and free 







 respectively.  For solar cells, doping of Si NCs (P, B)
4,5
 is essential, while 
for fiber amplifiers, Er doping has been shown to increase optical amplification.
6
 For 
flash memory applications, B doping has been shown to enhance the threshold voltage 
shift.
7
  Since Ga has been used as both a dopant of Si NCs
8,9
 and as a catalyst for Si 
nanowire growth,
10,11 
it may provide an opportunity for simultaneous doping and 
catalysis of Si NCs.  Co-sputtering
12,13
 and plasma-enhanced chemical vapor deposition 
(PECVD)
14,15
 of Si-rich SiO2 or SiNx, followed by annealing, have been used to nucleate 
embedded Si NCs throughout the film thickness.  Recently, Si irradiation in conjunction 
with annealing, has been used to fabricate Si NCs at select depths within both SiO2 and 
SiN x.
16,17,18,19,20,21
  Local regions of excess Si have also been achieved by breaking Si-N 










 implantation into N-rich (x > 
1.5) α-SiNx:Hy leads to preferential Ga displacement of Si, resulting in Ga-N, Ga-Ga, and 
Si-H bond formation.
23,24,25
 In another report, 0.06 to 5 keV Ga
+
 implantation into SiN 
induces the formation of an amorphous GaN surface layer,
26
 subsequently used for 
seeding the epitaxial growth of GaN.
27
  Although the ion-induced formation of Si NCs in 
SiNx has been examined, the mechanisms for their Ga induced nucleation and growth 
have yet to be reported.
23-27
  Here, we report on the formation mechanisms of embedded 
NCs using Ga
+
 focused ion-beam (FIB) irradiation into SiNx, followed by RTA.  We 
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discuss the effect of redeposition on NC formation and the catalytic effect of Ga on Si 




To explore strategies for maximizing the [Ga] in a minimal volume, we 
considered predictions of the depth profile of implanted Ga using Ion Beam Profile Code 
simulations.  Profile Code simulations use empirical formulas for concentration profiles 
based upon results from Stopping and Range of Ions in Matter (SRIM) Monte Carlo 
simulations and experimental data to calculate implantation profiles, as detailed in 
Appendix E.
28
  We adjusted the sputtering coefficients in Profile Code for 30 and 5 keV 
implantations to 1.2 and 0.39, respectively, based on AFM measurements detailed in 
Appendix E.  Figure 3.1 shows plots of ion concentration vs. depth for both the 5 and 30 
keV ions.  These plots reveal that the 5 keV irradiation is predicted to lead to a ~50% 
higher near-surface [Ga] than that of 30 keV irradiation.  To maintain the spatial 
resolution of the FIB, we also explored sample fabrication strategies aimed at 
maximizing the [Ga] in a minimal volume.  The expected FIB spot size is 25 nm (7nm) at 
5 keV (30 keV).
29
  To accomplish this, we used a masking layer method that combines 
the higher near-surface [Ga] from the 5 keV implantation with the precision of the 30 






For these investigations, amorphous SiNx membrane windows (Structure Probe, 
Inc) were irradiated with normal-incidence Ga
+
 ions using an FEI Nova 200 Nanolab 
dual-beam FIB system.  Several SiNx membranes were irradiated using 5-30 keV Ga
+
 








, using a continuous raster scan 
mode, where p (pitch) = ½ d (spot size), and/ or a “patterned” mode, with p = 100 nm and 
d = 35 nm.  Following FIB irradiation, samples were rapid thermal annealed in 1000 
sccm N2 environment for 1-28 minutes at 900˚C.
30
  Brightfield (BF) and darkfield (DF) 
transmission electron microscopy (TEM) imaging and selected area diffraction (SAD) 
were carried out in a JEOL 3011 (operating at 300 keV) and in a JEOL 2010F (operating 
at 200 keV).  For SAD, apertures were used to select regions with ~0.1 or ~2 µm 
diameter.  Therefore, samples include the following:  “Multi-E unpatterned” were raster-






























).  “Multi-E patterned w/ mask” samples were prepared as 
follows.  First, 0.5 µm of PECVD SiO2 was deposited onto a SiNx membrane, which was 






), followed by 5keV Ga
+
 raster-scan 




).  Finally, a layer of 0.5 µm SiO2 was deposited and 
subsequently etched in buffered HF for 3 min, leaving a patterned area with increased 
local [Ga] near the SiNx surface.  A diagram of this process is shown in Fig. 3.2. 
 




3.5.1 Nanocrystal Formation: Ga; Si; Si3N4; GaN 
 
For the “multi-E unpatterned” sample, we examined SAD patterns from across the 
sample using apertures which select areas with ~0.1 µm (Figs. 3.3(a), 3.3(c), and 3.3(d)) 
and ~2 µm (Fig. 3.3(b)) diameters.  In Fig. 3.3(a), d-spacings of 2.43 +/- 0.04 and 2.78 
+/- 0.04 Å are apparent, corresponding to within 1% of the (101) and (100) interplanar 
spacings of wurtzite (WZ) GaN (triangles).  Other d-spacings of 3.78 +/- 0.04, 2.67 +/- 
0.04, and 1.89 +/- 0.04 Å from 3 different NCs (squares, circles, and diamonds) are 
apparent; these correspond to within 1% of the (110), (101), and (220) interplanar 
spacings of Si3N4.  The SAD pattern in Fig. 3.3(b) contains polycrystalline rings with d-
spacings of 3.96 +/- 0.04 Å, 3.15 +/- 0.04 Å, 2.44 +/- 0.04 Å, and 1.96 +/- 0.04 Å; 
corresponding to within 2% of the (110) and (100) Si3N4, (111) Si, (101) WZ GaN, and 
(220) Si and (220) Si3N4 reflections, respectively (Table 3.1).
31
   In Fig. 3.3(c), d-
spacings of 4.21 +/- 0.04 Å and 2.65 +/- 0.04 Å are observed, corresponding to within 2% 
of the (021), (diamond) and (400), (square) interplanar spacings of Ga.  The SAD pattern 
in Fig. 3.3(d) contains a spot pattern with d-spacings of 3.92 +/- 0.04 Å and 3.34 +/- 0.04 
Å, corresponding to within 3% of the (110) and (200) interplanar spacings of Si3N4.  
Collectively, these SAD patterns indicate the formation of Ga, Si, GaN, and Si3N4 NCs 
within SiNx.  The formation of Ga-Ga, Ga-N, and Si-H bonds, but not Si-Si bonds, has 
been reported for Ga implantation into N-rich α-SiNx:Hy.
23,24,25
  Si-Si bonds have been 




 implantation into Si3N4.
22
  Our SiNx is 
Si-rich, similar to that of Si implanted Si3N4,
18,19,20
 which induces the formation of Si 




To further examine these nanostructures, we employed diffraction contrast TEM 
and high-angle annular dark-field (HAADF) scanning TEM (STEM).  Figure 3.4(a) 
(3.4(b)) presents a dark-field diffraction contrast (HAADF) TEM (STEM) image, with a 
crystal exhibiting diffraction contrast in Fig. 3.4(a) encircled.  The dark-field image in 
Fig. 3.4(a) was obtained using the Si3N4 110 beam.  Presented in Figs. 3.5(a), 3.5(c), and 
3.5(b) are HAADF STEM images of the “multi-E unpatterned” sample collected from the 
edge, center, and an intermediate location between the edge and center of the implanted 
SiNx membrane window, respectively as indicated in Fig. 3.5(d).  These images show a 
complex microstructure with larger (~100s of nm) brighter areas, typically surrounded by 
larger darker areas.  Within these larger brighter areas are smaller (~30nm) brighter and 
darker features.  Using the line-cut indicated in Fig. 3.5(b), the spatial profiles of Si, N, 
and Ga concentration are shown in Fig. 3.5(e).  Interestingly, it appears that the larger 
brighter areas are Ga- and N-rich, while the darker areas are Si-rich.  An investigation 
across the entire membrane reveals that most of the Si-rich dark regions are near the 
edges of the SiNx membrane window, which is framed by Si. Thus, the excess Si near the 
edges is likely due to redeposition from the Si frames.  Most of the larger Ga- and N-rich 
brighter regions contain smaller bright (24 +/- 8 nm) and dark (35 +/- 5 nm) NCs, which 
are expected to be Ga- and Si-rich, respectively (Fig. 3.5(a)).  Combined, these images 
reveal that the Si3N4 diffraction spots correspond to the brighter Ga- and N-rich areas, 
suggesting that the Si3N4 crystals are Ga-doped.  The smaller Si-rich NCs within these 
Si3N4 crystals may be precipitates due to the Si-rich composition of the SiNx membrane 
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relative to Si3N4. The formation of Ga-rich precipitates within these Si3N4 crystals is 
likely due to the high implanted Ga
+
 dose in their vicinity. 
 
3.5.2 Ga-rich Fractal Formation 
We now consider the effect of dose on the nanostructure formation in the raster-
scan irradiated samples.  Figure 3.6 presents HAADF STEM images of samples with a 





 following RTA for 16 min.  Due to Z-contrast, i.e. electron scattering that 
scales with atomic number, the HAADF detector collects more electrons from Ga atoms 
than from Si and N, leading to Ga-rich regions that appear brighter in the STEM images.  
These bright Ga-rich regions in Figs. 3.6(a) – 3.6(i) appear self-similar, with multiple 
side braches, suggesting a fractal geometry.  Using the footprint of the Ga-rich fractals, 
we quantified the Ga surface coverage as a function of dose.  As shown in Fig. 3.7(a), the 
Ga surface coverage increases with ion dose.  The Ga-rich structures in Figs. 3.6(a) – 
3.6(f) have many thin, long arms, while the structures in Figs. 3.6(g) – 3.6(i) feature 
short, thick arms.  Thus, a morphological transition from multiple thin, long arms to 




.  For example, typical thin 
(~40 nm) and thick (~100 nm) arms are identified by arrows in Figs. 3.6(a) and 3.6(g), 
respectively.  To quantify this transition, we consider the fractal dimension, Df, where: 
Df = -ln(n)/ln(ϵ)        (3.1) 
where n is the minimum number of open sets of diameter ϵ needed to include the entire 
fractal set, as described in Appendix C.3.  Df ranges from 1.0 for a linear geometry to 2.0 
for a completely filled, uniform 2D plane.  For complex branched fractals, Df lies 
 
51 
between 1.0 and 2.0.  For example, for multiple-branched fractal aggregates which fill 
space nearly uniformly during diffusion limited aggregation (DLA), Df is ~1.71.
32,33
  
Interestingly, for our studies as shown in Fig. 3.7(b), Df increases with surface coverage, 
from ~1.65 to ~1.75, similar those of GaN fractals on Al2O3
34
 and Ga2O3 fractals on 
stainless-steel.
35
  Evidently, as the surface coverage increases, the morphology transitions 
from DLA-like to a completely, uniform 2D plane. 
To determine the crystallinity in the regions with fractal morphology, we 
examined SAD patterns collected using apertures which select areas with ~2 µm 
diameter, such as the circular region indicated in Fig. 3.6 (e).  The corresponding SAD 
patterns in Fig. 3.7(c) contain polycrystalline rings with d-spacings of 2.48 +/- 0.04 and 
4.05 +/- 0.04 Å, corresponding to within 3% of GaN (110) or Ga (331) and Si3N4 (101) 
or (110) interplanar spacings, respectively.  These interplanar spacings correspond to the 
strongest reflections from GaN, Ga, and Si3N4 crystals, respectively.  This SAD pattern 
suggests the presence of randomly-oriented GaN, Ga, and Si3N4 NCs within an 
amorphous matrix, similar to that observed for the “multi-E unpatterned” sample in 
section 3.4.1. Thus, the fractals consist of NCs within an amorphous matrix, a 
microstructure characteristic of random successive nucleation (RSN),
36
 to be described 
next. 
In RSN, heat released during crystallization (i.e. latent heat of crystallization) 












/s for Ga diffusivity in c-Si
38
), successive nucleation of individual NCs in a 





In section 4.4, Ga NPs as small as 3 nm in diameter were discussed.  It is likely that the 
fractal branches are composed of many small nuclei.  Since the fractal branches range 
from ~40 to ~100 nm in thickness, it is likely that the transition in branch thickness is due 
to an increase in nucleation sites with ion dose.  A similar branch thickness transition was 




3.6 Patterned Irradiation of SiNx  
 
3.6.1 Ga and Si Nanocrystal Formation 
 
We now consider the effects of redeposition on NC formation.  Fig. 3.8(a) 
presents an overview BF TEM image of the “high-E patterned” sample after 8 min of 
RTA, while Figs. 3.8(b) and 3.8(c) present overview BF TEM images of the “multi-E 
patterned w/ mask” sample following RTA for 8 min and 16 min, respectively.  For each 
overview image, a high resolution (HR) TEM of an implanted area, designated by a 
rectangle, and typical corresponding SAD patterns are shown in Figs. 3.8(g) - 3.8(i).  For 
the “high-E patterned” sample, NCs are not observed in the HRTEM (Fig. 3.8(d)), as 
further revealed by the amorphous SAD in Fig. 3.8(g).  For the “multi-E patterned w/ 
mask” sample, following 8 min RTA, crystallites with average diameters of ~5 nm were 
observed within the implanted area, as shown in Fig. 3.8(e).  Following 16 min RTA, the 
NCs within the implanted areas have coalesced into 21 +/- 6 nm diameter Si NCs (Fig. 
3.8(f)).  Additionally, 13 +/- 4 nm diameter regions of significant Z-contrast indicate the 
formation of NCs outside the implanted areas (Fig. 3.8(c)).  To identify the NCs, we 
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consider the SAD spots in Fig. 3.8(i), with d-spacings of 1.943 +/- 0.04 Å, 2.745 +/- 0.04 
Å, 2.441 +/- 0.04 Å; corresponding to within 3% of the interplanar spacings of (220) Si, 
(330) Ga, and (331) Ga (Table I).  It is interesting to note that SiNx and WZ GaN NCs are 
only observed in the “multi-E unpatterned” samples, and not in this “multi-E patterned w/ 
mask” sample.  During irradiation, redeposition is enhanced by developing side walls, 
leading to enhanced near-surface [Ga] and [Si], while N likely escapes as N2.
39
  A 
diagram of these redeposition effects in shown in Fig. 3.9.  Similar redeposition effects 
were reported by Yamaguchi et. al.
40
 for Ga FIB implantation into Si.  Thus, for the 
“multi-E unpatterned” samples with higher ratios of the scanned to side wall area, 
redeposition is less significant, leading to a higher [N], thereby enabling the nucleation of 
GaN and SiNx NCs.  These GaN NCs are likely formed by homogeneous nucleation and 





 recently described in terms of a TTT diagram.
43
  In our case, it is 
likely that GaN NCs nucleated in the zincblende form and transformed to the WZ phase 
during the 28 min of RTA at 900˚C. 
 
3.6.2 Catalytic Effects of Ga 
 
We now discuss the influence of excess near-surface Ga on NC formation.  It is 
interesting to note that NCs are observed in the “multi-E patterned w/ mask” sample, 
where [Ga] is higher, but not in the “high E patterned” sample, suggesting that Ga is 
functioning as a catalyst for Si NC formation.  For Si-ion implanted SiNx, Si NCs < 10 




were reported after subsequent annealing 
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at 350˚C to 950˚C for 30 to 60 min.
18,20
  In contrast, Ga-ion induced Si NCs from the 








) after 8 min (16 min) of annealing, as shown in Fig. 3.8(e) (Fig. 3.8(f)), 
suggesting Ga-induced catalysis of Si NC nucleation and growth.   
We now discuss the influence of excess Ga on NC formation through a 
comparison of “low E patterned” and “high E patterned” samples.  Figure 3.10 presents 
(a) a BF image, (b) a corresponding DF image, and (c) SAD pattern collected from the 
“low E patterned” sample following 4 min of RTA at 900˚C.  The lighter areas in Fig. 
3.9(a) are the implanted areas, while the darker areas are likely due to the presence of 
embedded Ga-rich NCs.  Larger (smaller) 23+/- 5 nm (7 +/- 2 nm) NCs are present inside 
(outside) the implanted areas.  For example, the region circled in both the BF (Fig. 
3.10(a)) and the DF (Fig. 3.10(b)) images, is likely a NC.  The corresponding SAD 
patterned in Fig. 3.10(c) contains spotty rings, with d-spacings of 3.158 +/- 0.04 Å, 1.963 
+/- 0.04 Å, and 1.577 +/- 0.04 Å; corresponding to within 1% of the (111), (220), and 
(222) interplanar spacings of Si (Table I).  In addition, the dark hue (Z-contrast) present 
in Fig. 3.10(a) suggests the presence of Ga in these Si NCs, making them SixGa1-x.  It is 
interesting to note that NCs are observed in the “low E patterned” sample but not in the 
“high E patterned” sample, where [Ga] is higher, suggesting that Ga is function as a 
catalyst for Si NC formation.  This catalytic effect is further revealed by comparing the 
NC sizes within the “low E patterned w/out mask” sample.  Larger Si NCs (23 +/- 5 nm) 
are only present in the patterned spots while smaller NCs (7 +/- 2 nm) are present 
throughout the sample (Fig. 3.10(b)).  Both sizes of Si NCs have undergone the same 
RTA, suggesting a higher growth rate in the implanted spots compared to the matrix.  
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This difference may be the result of irradiation damage and/or increased [Ga], where the 
increased [Ga] may be due to the collection of surface Ga in the topographical pits during 
RTA and/or from the selective irradiation of Ga into the patterned spots. This catalytic 
effect has been attributed to the low temp (~29.8 ˚C) eutectic Ga forms with Si,
44
 
allowing for Si precipitation from a Ga–Si alloy at low temperatures, and has also been 
observed for Si nanowire growth.
90,91,45,46  





In summary, we have investigated the formation of embedded NCs in SiNx using 
Ga+ focused-ion beam irradiation of SiNx membranes, followed by rapid thermal 
annealing (RTA).  During irradiation, redeposition is enhanced by developing side walls, 
leading to enhanced near-surface [Ga] and [Si].  Subsequent RTA leads to the formation 
of Si and Ga NCs embedded in SiNx.  Ga functions as a catalyst for Si nucleation and 
growth, potentially reducing the annealing time required for Si NC formation.  For 
samples with higher ratios of the scanned to side wall area, redeposition is less 
significant, leading to higher [N], thereby enabling the nucleation of GaN and SiNx NCs, 
both of which may facilitate the integration of GaN-based optoelectronics with Si 
substrates.
26,47
  When the irradiation dose is decreased, Ga-rich fractals are apparent, with 













Ga (hkl) SiN (hkl) 
  
  
     
4.309 (101) 
4.21 +/- 0.04 3.876 (110) 
3.916 +/- 0.04 3.357 (200) 
3.344 +/- 0.04   
3.136 +/- 0.04 3.148 +/- 0.04 3.135 (111)       
2.745 +/- 0.04 2.78 +/- 0.04  2.756 (100) 2.78 (330)   
  2.65 +/- 0.04  2.589 (002) 2.62 (150)   
2.441 +/- 0.04 2.43 +/- 0.04  2.433 (101) 2.45 (331)   
2.25 +/- 0.04      2.23 (421)   
1.943 +/- 0.04 1.965 +/- 0.04 1.920 (220)   1.93 (441) 1.938 (220) 
1.57 +/- 0.04   1.568 (222)       
1.121 +/- 0.04   1.109 (422)       
 
 
Table 3.1 Interplanar spacings of samples “multi-E patterned w/ mask” and “multi-E 
unpatterned” measured by SAD, in comparison to powder diffraction 





























Fig. 3.1   Profile Code simulations of Ga
+
 ion implantation into Si3N4 at 5 keV, 5e17
-2
 











































Fig. 3.2   Diagram of processing used to increase local [Ga] through the use of a SiO2 
masking layer.  (b) First, 0.5 µm of PECVD SiO2 was deposited onto a SiNx 







), followed by (d) 5keV Ga
+





).  (e) Finally, a layer of 0.5 µm SiO2 was deposited and subsequently (f) 
etched in buffered HF for 3 min, leaving a patterned area with increased local 
































Fig. 3.3 Diffraction in (a) is identified as WZ GaN (triangles) and Si3N4 (squares, 
circles, and diamonds).  The SAD pattern in (b) contains polycrystalline rings 
with spacings corresponding to within 2% of the (111) and (220) Si, (101) WZ 
GaN, and (110) and (220) Si3N4 reflections (Table 3.1).  The SAD pattern in 
(c) contains a spot pattern from Ga, where a diamond marks the (021) and a 
square the (400) type reflection.  The SAD pattern in (d) contains a spot 
pattern from Si3N4, where circles mark (110) and triangles the (200) type 













Fig. 3.4 (a) Diffraction contrast and (b) HAADF of the same encircled Si3N4 NC 
suggest that the NC is Ga doped.  























Fig. 3.5 (a), (b), and (c) are high angle annular DF (HAADF) STEM images collected 
from the edge, center, and in-between the edge and center, respectively, as 
shown in (d) of the implanted SiNx membrane window of the “multi-E 
unpatterned” sample.  Using the line-cut indicated in (b), the spatial profiles of 
Si, N, and Ga concentration are shown in (e). 


















































Fig. 3.6 HAADF STEM images of samples with a dose of (a) 1.14, (b) 1.22, (c) 1.29, 





RTA for 16 min.   
1 um (c) (b) (a) 
(f) (e) (d) 












































Fig. 3.7 (a) Surface coverage of the Ga-rich fractals in Fig. 3.5 as a function of dose.  
(b) Fractal dimension vs. coverage for our Ga-rich fractals (squares) and the 
Ga2O3 fractals (triangles).
35  
The fractal dimension is also shown for the center 



















































































Fig. 3.8 (a) BF, (d) HRTEM, and (g) SAD from Si NCs nucleated in a “high-E 
patterned” sample.   (b) ((c)) TEM BF image of a “multi-E patterned w/ 
mask” sample with (e) ((f)) corresponding high resolution TEM and (h) ((i)) 
typical SAD from an implanted spot after 8 (16) min of RTA at 900˚C.  SAD 
spots in (h) are identified as Ga (330) (squares), Ga(331) (triangles), Ga (660) 
(circles), and Si (220) (diamonds).  SAD spot in (i) are identified as Si (220) 























Fig. 3.9 Diagram showing enhanced redeposition for a surface with a (a) high aspect 
ratio, low [Ga], (b) high aspect ratio, high [Ga], and (c) low aspect ratio, high 
[Ga].  The orange areas depict areas implanted with Ga, while the green areas 
depict redeposited material that is Si- and Ga-rich. 
 
(c) (b) (a) 
Incident Ga+ 
Sputtered Ga, Si 
Redeposited Si 
and Ga rich 
material 































Fig. 3.10 (a) Bright-field, (b) corresponding dark-field, and (c) SAD from Si NCs 
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This chapter describes our investigations of the formation of coarsening of near-
surface Ga nanoparticles (NPs) in SiNx using low and medium dose Ga
+
 focused-ion 
beam irradiation of SiNx membranes, followed by rapid thermal annealing (RTA).  This 
chapter opens with background information, including applications of Ga NPs.  Then, we 
consider Profile Code simulations of Ga
+
 implantation into SiNx.  Then, experimental 
details of our implantations of Ga
+
 into SiNx membranes are described.  We then discuss 
the effects of surface curvature, annealing, and dose on the NP growth.  For surfaces with 
minimal curvature, diffusive growth is apparent, leading to nearly close packed arrays 




.  The diffusive 
flux increases with annealing temperature, leading to NP coarsening by Ostwald ripening.  
For surfaces with increased curvature, the driving force for diffusion towards the valleys 
also increases, leading to Ga NP coalescence and a bi-modal distribution of NP sizes.  






Due to the size dependence of their band gap energy and light emission, silicon 
nanowires (NWs) are promising for solar cells
1
 and light emitting devices.
2
  
Nanoparticles (NPs) of various metals have been used to catalyze the VLS growth of Si 
NWs,
3,4,5,6,7,8,9,10,11,12,13,14,15,16,17
  with the NW diameter and growth direction typically 
dependent on the NP diameter.
17,18
  Due to its ability to serve as both a dopant and low 
temperature catalyst, Ga has emerged as a promising candidate for seeding for Si NW 
growth.
19,20,21
  Ga NPs have been formed by wide variety of methods including molecular 
beam epitaxy,
5,11,22,23,24 
Ga atomic beam deposition,
25,26






















  In most cases, the distribution of NP sizes and positions 
are not well controlled, and only the late stage growth mechanisms are understood.  To 
achieve a site selective array of uniformly-sized, high density NPs, a detailed 
understanding of both the early and late stage growth mechanisms is needed.  Recently, 
Ga
+
 focused-ion-beam (FIB) irradiation, followed by annealing, has been proposed as a 
means to achieve small Ga NPs within selected areas; however, the observed 
distributions of NPs indicate that NP coalescence has already occurred.
19,29
  In other 
work, Ga
+
 implantation into N-rich (x > 1.5) α-SiNx:Hy leads to preferential Ga 
displacement of Si, resulting in Ga-N, Ga-Ga, and Si-H bond formation.
30,31,32
  Therefore, 
we examine the early stage growth mechanisms of Ga NPs using Ga
+
 FIB irradiation of 
SiNx, followed by rapid thermal annealing (RTA).  To examine the influence of a Ga-
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saturated surface layer (~10 nm deep) on Ga NP growth, we used a combination of low 
and high dose irradiation.  When surface curvature is minimal, diffusive growth is 
enhanced by high dose irradiation and RTA.  For surfaces with increased curvature, 
surface diffusion (due to the chemical potential gradient) is enhanced, leading to NP 
coalescence and a bimodal distribution.  When the pitch is less than the lateral spread of 
the implanted ions, coalescence is limited, and nearly close-packed Ga NP arrays with 








To examine the influence of a Ga-saturated surface layer on early stage NP 












) allows us to saturate the 
top ~10 nm of the SiNx surface with Ga, as shown by the Profile Code simulations in Fig. 




) allows us to have a minimal Ga 
concentration ~21 ± 7 nm below the surface, as shown by the Profile Code simulations in 
Fig. 4.1.  Using 30 keV also allows us to maintain the spatial resolution of the FIB during 
patterning, since the expected FIB spot size is 25 nm (7 nm) at 5 keV (30 keV).
33
   
 
4.4 Experimental Details 
 
For these investigations, amorphous SiNx membrane windows (Structure Probe, 
Inc) were irradiated with normal-incidence Ga
+
 ions using an FEI Nova 200 Nanolab 
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dual-beam FIB system.  15 x 15 µm regions of SiNx membranes were irradiated with low 
dose patterned irradiation with or without prior medium dose raster-scan irradiation.  The 






























), using a continuous raster scan 
mode, with p (pitch) = ½ d (spot size).  The low-dose patterned irradiation consisted of 







 using a serpentine scan mode without beam blanking,
33





 in each implanted spot. 
Patterning was accomplished using various pitches including those less than, 
equal to, and greater than the lateral spread of the implanted ions (~56 nm for d = 40 
nm).
34,35
  For pitches less than or equal to the lateral spread of the implanted ions, the 
close proximity of the irradiated spots is expected to lead to minimal surface topography.  
On the other hand, for pitches greater than the lateral spread of the implanted ions, the 
valley depth is expected to be increased by localized sputtering, leading to gradients in 
the surface curvature.  Following FIB irradiation, the samples were subjected to RTA in 
1000 sccm N2 environment for 16 minutes at 850 or 900˚C.
36
  The samples are named 
“XYZ”, where X is the pitch, Y is whether the sample had medium dose irradiation 
(“high”) or just the low dose patterned irradiation (“low”), and Z is the annealing temp in 
˚C, i.e. “50high850”, “60high850”, “70high850”, “95high850”, “50high900”, “50low”, 
“95low”, and ”50low900”.  Energy Dispersive X-Ray Spectroscopy (EDX), Bright-field 
(BF) and dark-field (DF) transmission electron microscopy (TEM) imaging, scanning 
TEM (STEM), and selected area diffraction (SAD) were carried out in a in a JEOL 2010F 
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operating at 200 keV.  For SAD, apertures were used to select regions with ~0.1 µm 
diameter.  To find the NP size distributions, SPIP was used, as described in appendix D.1.  
The standard error for these distributions was typically 1-2%, up to ~5%. 
 
4.5 Formation of Ga Nanoparticles 
 
Figures 4.2(a) and 4.2(b) present high-angle annular DF (HAADF) STEM images 
from 95low and 50low, with corresponding SAD patterns as insets.  High-resolution 
views of the 50low are shown in Fig. 4.2(c), the HAADF STEM image of the region 
designated by a rectangle in Fig. 4.2(b), and in Fig. 4.2(d), a HRTEM cross-sectional 
image.  For 95low, the HAADF image in Fig. 4.2(a) appears featureless, consistent with 
the diffuse ring observed in the corresponding SAD pattern. For 50low, Figs. 4.2(b) and 
4.2(c) reveal a high density of ~3 nm diameter bright features.  The corresponding SAD 
pattern in the inset of Fig. 4.2(c) contains a diffuse ring, suggesting that the bright 
features in Fig. 4.2(b) correspond to amorphous NPs.  Furthermore, the presence of dark 
features on the left side of the HRTEM cross-sectional image in Fig. 4.2(d) suggests that 
the near-surface NPs are Ga-rich.  This is confirmed by EDX data, shown in Fig. 4.2(e), 
where the spatial profiles of Si, N, and Ga concentration along the line in Fig. 4.2(c) 
reveal nearly constant values of [Si] and [N], with an increase in [Ga] in the vicinity of a 
NP.  Thus, the NPs observed in Figs. 4.2(b), 4.2(c), and 4.2(d) are Ga-rich, similar to 







To examine the mechanisms for Ga-rich NP precipitation, we compare the 
topographic profiles of the unannealed samples.  Figures 4.2(f) and 4.2(g) present AFM 
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images from 95low and 50low, with corresponding average height profiles in Figs. 4.2(h) 
and 4.2(i), respectively.  The second derivatives of the height profiles in Figs. 4.2(h) and 
4.2(i) reveal hills and valleys, with the lowest curvature gradient for the p = 50 nm case.  
Since the surface with lower (higher) curvature gradient has a high (negligible) 
concentration of NPs, the driving force for NP formation is likely not surface diffusion.  
Instead, the overall higher Ga
+
 irradiation dose likely leads to clustering of the implanted 




4.6 Ga Nanoparticle Coarsening Mechanisms 
 
4.6.1 Influence of Dose and Annealing 
 
To examine the effect of the vertical [Ga] gradient on annealing-induced NP 
growth, we separately vary the annealing temperature and the irradiation dose.  First, we 
examine the influence of annealing at 900ºC, as captured in Figs. 4.3(a) and 4.3(b), which 
consist of HAADF STEM images of 50low and 50low900, respectively.  These images 
show many bright Ga-rich NPs, whose size distributions and their Gaussian fits are 
shown in the plot of frequency vs. NP diameter in Fig. 4.3(c).  Upon annealing, the 









.  Thus, the surface coverage increases from 28% to 
46%.  Since the surface coverage and NP size have both increased during RTA, it is 
hypothesized that a combination of Ga precipitation and coalescence has occurred, 





The effect of high-dose irradiation prior to low dose patterning, is revealed by 
comparing the HAADF STEM images of 50low900 and 50high900, shown in Fig. 4.4(a) 
and 4.4(b), respectively, which show larger NPs for the sample prepared with raster scan 
irradiation.  The Ga NP size distributions and their Gaussian fits are shown in the plot of 
frequency vs. NP diameter in Fig. 4.4(c).  The saturation of the surface with Ga due to the 
pre-patterning raster-scan irradiation induced an increase of NP size from 7.7 ± 2.2 nm to 








.  This 
enhancement in vertical Ga diffusion is likely due to the larger vertical [Ga] gradient for 
the higher dose sample.  
The influence of RTA temperature is captured in Figs. 4.5(a) and 4.5(b), which 
consist of HAADF STEM images of the 50high850 and 50high900 samples, prepared 
using high dose patterned irradiation (p = 50 nm), followed by RTA at 850˚C and 900˚C, 
respectively.  These images show many bright Ga NPs, whose size distributions and their 
Gaussian fits are shown in the plot of frequency vs. NP diameter in Fig. 4.5(c).  For RTA 
at 850˚C, a log-normal size distribution is observed, suggesting that NP growth is 
dominated by dynamic coalescence.
40
  When the RTA temperature is increased from 850 









, and the surface coverage remains constant 
at ~61%.  This apparently mass-conservative NP coarsening with increasing RTA 
temperature suggests that the nucleation process is essentially complete, with additional 
NP growth due to Ostwald ripening.  This RTA-temperature-dependent transition from 
dynamic coalescence to Ostwald ripening is further confirmed by the self-similarity of 
the normalized size distributions shown in the inset of Fig. 4.5(c), where the frequency, f, 
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is the number of NP within the specified range divided by the total number of NPs; d is 
the NP diameter; and dm is the mean NP diameter.  Similar coalescence was observed for 
post-deposition annealing of Ga on GaAs, where a uniform Ga cluster size distribution 




4.6.2 Influence of Surface Curvature 
 
We now describe the effect of surface curvature gradients on annealing-induced 
Ga NP growth.  Figures 4.7(a) and 4.7(b) present AFM images from the 50high850 and 
95high850 samples patterned with p = 50 and 95 nm, respectively.  Fig. 4.7(c) (Fig. 
4.7(d)), the average cuts of tip height along the line in Fig. 4.7(a) (4.7(b)), reveals ~1nm 
(~3nm) valley depths with lower (higher) curvature for the 50high850 (95high850) 
sample.  The influence of minimal surface curvature gradient on NP formation is 
captured in Figs. 4.8(a) and 4.8(c), which consist of HAADF STEM images of 50high850 
and 60high850 with NP formation following ‘high’ dose patterned irradiation (p = 50 nm 
and p = 60 nm), respectively, followed by RTA @ 850˚C.  Figure 4.8(a) shows many 
bright isotropically distributed Ga NPs, while Fig. 4.8(c) shows Ga NPs within the path 
scanned during patterning.  The Ga NP size distributions and their Gaussian fits are 
shown in the plot of frequency vs. NP diameter in Fig. 4.8(e).  For pitches less than or 
equal to the lateral spread (p = 50 and p = 60 nm), the NP size distribution is mono-





, respectively.  The influence of increased surface curvature gradient is 
captured in Fig. 4.8(b) (4.8 (d)), which consists of a HAADF STEM image of 70high850 
 
79 
(95high850) following ‘high’ dose patterned irradiation (p = 70 nm (p = 95 nm)), 
followed by RTA @ 850˚C.  These images show larger NPs within the patterned spots, 
with smaller NPs surrounding the spots. The NP size distributions and their bi-modal 
Gaussian fits, are shown in the plot of frequency vs. of NP diameter in Fig. 4.8(e).  The 
smaller NPs are 6.0 ± 1.8 (p = 70 nm) and 7.0 ± 1.5 (p = 95 nm), similar to the 50high850 
and 60 high850 samples.  The larger NP within the implanted spots are 12.6 ± 2.6 (p = 70 
nm) and 12.9 ± 2.3 (p = 95 nm).  It is interesting to note that larger NPs are observed in 
the areas with larger curvature within 95high850.  Since 95high850 has a larger curvature 
gradient than 50high850, its chemical potential gradient and driving force for diffusion 
towards the valleys will be larger, leading to enhanced Ga NP growth and coalescence.   
 Fig. 4.9 presents low magnification STEM images of (a) 50low, (b) 50low900, (c) 
50high900, (d) 50high850, (e) 60high850, (f) 70high850, and (g) 95high850.  All of these 





In summary, we have investigated the formation of near-surface Ga NPs in SiNx 
using low dose Ga
+
 focused-ion beam irradiation of SiNx membranes, followed by RTA.  
Dose-limited diffusive growth, with mono-modal size distributions, is observed for beam 
spot separations (pitch) less than the lateral spread of implanted ions.  RTA at elevated 
temperature leads to NP coarsening by Ostwald ripening.  High dose irradiation prior to 
patterning increases the vertical [Ga] gradient, leading to enhanced diffusion and NP 
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coarsening.  When the pitch exceeds the lateral spread of implanted ions, the increased 
surface curvature gradient enhances diffusion, leading to enhanced Ga NP coalescence 
and a bi-modal distribution of NP sizes.  We identify a regime of limited surface 
curvature, where limited coalescence lead to arrays with NP sizes as small as ~3 nm and 


































Fig. 4.1 Profile Code simulations of Ga
+
 ion implantation into Si3N4 at 5 keV reveal 




) 5 keV irradiation is predicted to lead to a large 




) 30 keV irradiation is expected to 
have a range and straggle of ~21 and ~7 nm, respectively, with minimal Ga 


























































Fig. 4.2 (a) HAADF STEM image of 95low.  (b) HAADF STEM image with inset 
SAD pattern and (c) corresponding HR HAADF STEM image along with a  
(d) HR TEM cross-sectional image from 50low showing many bright Ga NPs.  
Using the line-cut indicated in (c), the spatial profiles of Si, N, and Ga 
concentration are shown in (e).  These spatial profiles were captured with a 
beam with a spot size of 1 nm.  AFM images corresponding to 95low and 
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Fig. 4.3 HAADF STEM images from the (a) 50low and (b) 50low900 samples reveal 
that Ga-rich NP size increases with annealing.  (c) The NP size distribution for 
50low (filled pentagons) and 50low900 (empty stars) samples and their fits to 
a Gaussian and log-normal distribution are shown as lines with R
2
 values of 



















































Fig. 4.4 HAADF STEM images of (a) 50low900, (b) 50high900, (c) NP size 
distributions from 50low900 and 50high900 samples reveal that Ga-rich NP 
size increases with the addition of raster-scan irradiation as shown by the data 
points marked with empty and filled stars, respectively, and their fits to a 
Gaussian distribution are shown as lines with R
2





























































Fig. 4.5 HAADF STEM images from the (a) 50high850 and (b) 50high900 samples 
reveal that Ga-rich NP size increases with annealing.  The NP size distribution 
for 50high850 (filled diamonds) and 50high900 (filled stars) and their fits to a 
Gaussian distribution are shown as lines with R
2
 values of 0.984 and 0.985, 
respectively, are shown in (c).  The normalized NP distribution for 50high850 









































































Fig. 4.6 HAADF STEM images from the (a) 60low850 and (b) 60high850 samples 
reveal that Ga-rich NP size increases with patterned irradiation dose.  (c) 
Corresponding NP size distributions with data points marked with empty and 
filled squares, respectively, and their fits to a log-normal distribution are 
shown as lines with R
2

















































Fig. 4.7 AFM images from (a) 50high850 and (b) 95high850 with average height 
profiles below in (c) and (d), respectively. 
(e) 
(f) (e) 
50 nm 50 nm 
Δz = 1.5 nm 
(h) (g) 





































Fig. 4.8 HAADF STEM images of (a) 50high850, (c) 60high850, (b) 70high850, and 
(d) 95high850.  (e) The NP size distribution for 50high850 and 60high850 and 
their fits to a log-normal distribution are shown as lines with R
2
 values of 
0.990, 0.992.  (e) The NP size distribution for 70high850 and 95high850 and 
their fits to a bi-modal Gaussian distribution are shown as lines with R
2
 values 





























































Fig. 4.9 Low magnification STEM images of (a) unannealed ref., (b) annealed ref., (c) 
50high900, (d) 50high850, (e) 60high850, (f) 70high850, and (g) 95high850. 
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We have investigated the influence of nanostructure within a SiNx membrane on 
the damping of coherent acoustic resonances induced by pump laser excitation.  This 
chapter opens with background information on acoustic phonon scattering experiments in 
reflection geometry.  We then describe our pump-probe transmission experiments of SiNx 
membranes.  We then discuss the acoustic phonon resonances within the 10-100 GHz 
range exhibited by SiNx membranes that are implanted and/or annealed.  In this 
frequency range, the acoustic damping increases linearly with phonon frequency.  Similar 
acoustic phonon damping was observed for the as-received, annealed, and as-implanted 
SiNx membranes whose thickness exceeds 200nm.   For the thinner SiNx membranes, an 
increase in acoustic phonon damping is observed for both as-received membranes and 
those which were implanted and annealed to form nano crystallites.  The chapter 







Nanophononic and nanomechanical systems are of interest for studying heat 
transfer at the nanoscale.  In these small scale systems, the mean free path of the elastic 
phonons is similar to the size of the nanocrystals, resulting in enhanced scattering of the 
waves by the grain boundaries.
1
  Some of the most responsive electromechanical sensors 
are based on acoustic vibrations within nanocrystals.
2,3
  Previous work has examined 
GHz range resonance of Au nanoparticles on SiO2, where the oscillation frequency was 
shown to vary linearly with the size of the nanoparticles.
4
    The thermal conductivity of 
various nanostructures including nanowires and nanocomposites is reduced due to 
phonon scattering at boundaries.  Thus, a multilayer structure of Ge nanoparticles on Si 
layers led to decreased thermal conductivity below the amorphous limit.
5
  In another 
study, resonant acoustic waves in Si membranes were examined, but only the 
fundamental mode is observed.
6
  In other work, resonant acoustic modes in a 
semiconductor membrane were observed to be dependent on the repetition-rate frequency 
offset in an ASOPS configuration (see section 2.9).
7
  The damping of the acoustic waves 
is indirectly observed to be smaller in this case, but the measurement technique only 
allowed a temporal resolution of 1 ns.  In order to better understand the resonant acoustic 
waves, a larger time window between pump pulses needs to be examined.  In our 
experiment, we examine the acoustic resonance damping of phonons in SiNx membranes 
due to pump excitation in an extended time interval of 10 ns.  We discuss the effect of 
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membrane thickness, membrane-transducer interface, and membrane nanostructure on the 
coherent acoustic phonon damping. 
 
5.3 Experimental Details 
 
For these investigations, amorphous 500 nm thick SiNx membranes (Structure 
Probe, Inc) were irradiated with normal-incidence Ga
+
 ions using an FEI Nova 200 

































), using a continuous raster scan mode, with p (pitch) = ½ d (spot 
size).  After irradiation, this “as-implanted” sample had a thickness of ~200 nm.  The 
“implanted-annealed” sample was subsequently annealed at 900ºC for 16 minutes.  For 
comparison, we also examined 100 and 200 nm thick membranes samples that were 
unirradiated, which we will refer to as the “100 nm” and “200 nm” reference, 
respectively. 
Following implantation and annealing, 120 nm of Ni was sputtered, as described 
in section 2.8, on the top side of the membranes, while 3/70 nm of Ni/Al was deposited 
on the bottom side.  After metal deposition the samples were mounted in the sample 
holder in a vertical position in the Y-Z plane, where the pump laser beam is incident on 
the x-axis.  We examined the time-domain thermoreflectance of the annealed 200nm 
reference, “as-implanted”, and “implanted-annealed” samples using the setup described 
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in section 2.9.  We also examined the transverse and longitudinal acoustic resonances 
exhibited in all of the samples using the pump-probe setup described in section 2.10. 
 
5.4 Time-Domain Thermoreflectance Data 
 
The goal was to study the effect of ion implantation and annealing formation of 
nanoparticles on the thermal conductivity of SiNx membranes. Figure 5.1 presents plots 
of the time-domain thermoreflectance of the 200nm reference, “as-implanted”, and 
“implanted-annealed” samples. In this type of the measurement the sample reflectivity is 
related to the refractive index, which is dependent on the temperature, as well as the  
strain  and carrier concentration.  Thus measurements of time-resolved reflectivity can be 
used to evaluate the sample temperature time-dependence, which is illustrated in Fig. 5.1 
where the thermal decay following excitation by the pump laser is monitored as a 
function of time.  The large temperature increase in the first nanosecond is due to the 
thermal excitation from the pump laser.  This is followed by a relaxation due to heat 
dissipation inside the membrane.  In the first few nanoseconds following excitation, 
longitudinal acoustic waves are observed.  The measured decay of the reflectivity curve is 
a result of thermal diffusion, and can be related to the thermal conductivity.  A smaller 
slope indicates a slower decay, and thus a lower thermal conductivity.  The curves in the 
plot are nearly parallel, revealing that the slopes are similar and suggesting that the 
phonon scattering and thermal conductivity are similar, which indicates that the desired 
sensitivity for the implantation modification of thermal conductivity is not obtained. 
Nevertheless, it is important to consider several heat transfer competing effects that can 
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influence the observed result. The phonon scattering may be due to multiple factors 
including scattering at the interface between the metal and the SiNx layer, within the SiNx 
layer, or both.  Also, because the implanted layer is only ~10 nm thick, the contribution 
to scattering of this small fraction of the total sample, may be insignificant.  Therefore in 
order to better understand the mechanisms for the phonon scattering within these 
samples, we examined the samples in a pump-probe configuration that monitors the 




5.5 Pump Probe Transmission Data 
 
For the pump-probe measurements of acoustic propagation, the experimental 
setup is described in section 2.10.  The unimplanted 100nm reference and 200 nm 
reference, as well as the 200 nm annealed, implanted-unannealed, and the implanted 
annealed samples were examined with this setup.  For each of these samples signal was 
collected in ~10 different spots across the 100 x 100 µm surface.  As an example, the 
waveforms collected from the implanted-annealed sample are presented in Fig. 5.2.  
These waveforms are nearly sinusoidal with varying phase and amplitude.  These larger 
amplitude and small frequency waves are attributed to transverse waves formed by the 
coherent acoustic phonons reflecting off the lateral boundaries of the 100 x 100 µm 
membrane.  Since the phase and amplitude of the transverse waves varies so much across 
a single sample, it is not simple to compare transverse waves from different samples.  
The focus of the present work is to clarify the behavior of the longitudinal waves that 
propagate across the sample, which benefits from the simpler boundary conditions 
(planar surfaces and interfaces between the metal layers and SiNx layer) and are expected 
to be much more uniform.  The longitudinal waves from the implanted-annealed sample 
are shown in Fig. 5.3 (a) along with an FFT of the longitudinal waves in Fig. 5.3 (b).  To 
take the FFT of the longitudinal waves, the transverse waves were first subtracted using a 
smoothening to obtain the background function and then subtracting it from the 
experimental data before performing FFT analysis.  The peak frequencies and full-width-
at-half-max were measured for each measured waveform, and then averaged for each 
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sample at each frequency.  In Fig. 5.4 the FWHM as a function of frequency is plotted for 
the 100 nm reference (a), 200 nm reference (b), 200 nm annealed, (c), the 200 nm as-
implanted (d), and the 100 nm implanted-annealed (e).  The FWHM is used to compare 
the damping of these samples, as it is proportional to the damping of the phonons at the 
probed frequencies. 
 
5.5.1 Membrane Thickness Dependence of Coherent Acoustic Phonon Damping 
 
We now examine the effect of membrane thickness on phonon damping.  We 
compare the 100 nm reference (Fig. 5.4 (a)) and the 200 nm reference (Fig. 5.4 (b)).  The 
plots of FWHM as a function of frequency are fit with a linear fit that has a slope of 
0.041 ± 0.007 and 0.032 ± 0.003 for the 100 nm and 200 nm reference samples, 
respectively.  It is apparent that the damping increases with frequency for both 
thicknesses, but at a significantly faster rate for the 100 nm sample.  The fundamental 
mode frequency is larger for the thinner 100 nm reference sample (~13.5 GHz) compared 
to the fundamental mode of the 200 nm reference (~10 GHz).  The ratio of these 
fundamental mode frequencies is the inverse of the ratio of the thicknesses of the 100 nm 
and 200 nm reference, which are ~293 nm and ~393 nm thick, respectively.  Comparing 
the FWHM at higher frequencies, it is apparent that the FWHM at ~60 GHz is ~ 2.3 GHz 
for the 100nm sample, while only ~1.6 GHz for the 200 nm sample.  From these 
comparisons, it is apparent that the damping at higher frequencies is dependent on the 
thickness of the membrane.  This may be due to the increased number of transducer-
 
101 
membrane interfaces per unit time that the phonons must cross in the thinner sample, or it 
may be due to increased damping within the transducer layers. 
 
5.5.2 Effect of Annealing on Coherent Acoustic Phonon Damping 
 
To examine the effect of annealing prior to implantation on phonon damping, we 
compare the 200 nm reference with the 200 nm unimplanted-annealed sample.  Both 
samples also have a similar total thickness of ~393 nm (including transducers), which is 
confirmed by the similarity of the fundamental frequency modes, which are both ~ 10 
GHz.  The plots of FWHM as a function of frequency are shown with a linear fits that 
have slopes of 0.029 ± 0.003 and 0.032 ± 0.004 for the 200 nm reference (Fig. 5.4 (b)) 
and the 200 nm unimplanted-annealed (Fig. 5.4 (c)) samples, respectively.  The similar 
slopes indicate that the increase in damping with frequency is similar after annealing.  
Before and after annealing the FWHM at ~60 GHz is still ~1.6 GHz, suggesting that the 
annealing didn’t have a significant effect on the damping.  These results also suggest that 
annealing did not significantly change the transducer-membrane interface, since no 
increase in damping, and therefore no increase in phonon scattering at the interface was 
detected. 
 
5.5.3 Effect of Ga+ Ion Irradiation on Coherent Acoustic Phonon Damping 
 
To examine the effect of Ga
+
 irradiation on phonon damping, we compare the 200 
nm reference and the 200 nm as-implanted samples.  The plots of FWHM as a function of 
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frequency are fit with a linear fit that has a slope of 0.029 ± 0.003 and 0.032 ± 0.003 for 
the 200 nm reference (Fig. 5.4 (b)) and the 200 nm as-implanted (Fig. 5.4 (d)) samples, 
respectively.  The similar slopes indicate that the increase in damping with frequency is 
similar after irradiation.  Both samples also have a similar total thickness of ~393 nm 
(including transducers), which is confirmed by the similarity of the fundamental 
frequency modes, which are both ~ 10 GHz.  Before and after irradiation the FWHM at 
~60 GHz is still ~2 GHz, suggesting that the irradiation didn’t have a significant effect on 
the damping.  Also of note is that the interface between the irradiated SiNx and the 
transducer did not lead to a detectable increase in damping, and therefore no increase in 
phonon scattering at the interface. 
 
5.5.4 Effect of Nanocrystals on Coherent Acoustic Phonon Damping 
 
To examine the effect of nanocrystals on phonon damping, we compare the 100 
nm reference and the 100 nm implanted-annealed samples.  The plots of FWHM as a 
function of frequency are fit with a linear fit that has a slope of 0.041 ± 0.007 and 0.044 ± 
0.003 for the 100 nm reference (Fig. 5.4 (a)) and the 100 nm implanted-annealed (Fig. 5.4 
(e)) samples, respectively.  By comparing the FWHM at ~70 GHz, a ~20% increase in 
damping for the implanted-annealed sample (~3 GHz) compared to the 100 nm reference 
(~2.5 GHz) is apparent.  Fig. 5.4(f) presents a HAADF STEM image from the implanted-
annealed sample, where Ga-doped Si3N4 NCs with dimensions in the 200 – 400 nm range 
are apparent.  These NCs were discussed earlier in section 3.5.  The increased damping is 
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likely due to the similarity of the NC size and the phonon wavelength.  The phonon 




In summary, we have examined the effect of membrane nanostructure on coherent 
acoustic phonon damping.  Damping was similar for the 200 nm unimplanted sample, the 
unimplanted-annealed sample, as well an as-implanted sample.  For the thinner 100 nm 
samples, a ~30% increase in damping was observed.  Interestingly, the scaling of 
damping with frequency is linear, which seems to be different than the exponential 
dependence in other studies.
6,8,9,10,11,12
  More efforts are needed in the future to elucidate 
this behavior. Nevertheless, the present studies not only show a linear-like relationship 
between the damping and acoustic mode frequency, but also demonstrate a clear damping 
dependence on the SiNx membrane thickness.  More work will also be needed to detect 
the effect of implantation and nanostructure modification on damping.  Both the FWHM 
as a function of frequency and the FWHM data suggest increased damping for the 
nanocrystalline sample relative to the amorphous samples.  The increase is associated 
with the similarity in length scale of the NC dimensions and the mean free path of the 
acoustic phonons in the observed spectra.  Further experiments could directly correlate 
nanostructures to damping of specific acoustic phonon frequencies, enabling engineering 
























Fig. 5.1 Time-domain Thermoreflectance from the implanted-annealed (red), 
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Fig. 5.2 Pump-probe transmission spectra from six different spots across the surface of 



































Fig. 5.3 (a) A portion of the pump-probe transmission spectra shown in Fig. 5.2, which 
shows the high frequency coherent longitudinal phonon waves.  (b) A sample 
FFT from one of the longitudinal waveforms after the transverse waveform 























































Fig. 5.4 Plots of FWHM (GHz), which is proportional to damping, as a function of 
frequency (GHz) for the (a) 100 nm reference, (b) 200 nm reference, (c) 
100nm implanted-annealed, (d) 200 nm unimplanted-annealed, and (f) 200 nm 
as-implanted samples. (e) HAADF STEM image of the nanostructure of the 
100 nm implanted-annealed sample. 
slope: 0.032 +/- 
0.003 
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In this thesis, the formation and spatial positioning of Si, SiN, Ga, and GaN 
nanoparticles embedded within SiNx by Ga
+
 focused ion beam (FIB) irradiation and rapid 
thermal annealing (RTA) were investigated.  The effect of Ga
+
 irradiation on the 
vibration of SiN membrane based acoustic resonators was also investigated. 
In Chapter 3, we discussed the formation of embedded Si, SiN, Ga, and GaN 
nanocrystals (NCs) in SiNx using Ga+ focused-ion beam irradiation of SiNx membranes, 
followed by rapid thermal annealing (RTA).  During irradiation, redeposition is enhanced 
by developing side walls, leading to enhanced near-surface [Ga] and [Si], while N likely 
escapes as N2.
1
  We examine TEM images and SAD patterns of the NCs formed for 
samples with different amounts of redeposited material.  We also discuss the sizes of the 
NCs after different annealing times at 900ºC and the catalytic effect of Ga on Si NC 
formation. 
In Chapter 4, we presented investigations of low dose Ga implantations into SiNx 
and the resultant Ga NPs.  We examine the many mechanisms that control the size and 
distribution of the resulting Ga NPs.  The effect of dose and annealing on Ga NP growth 
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are examined with a comparison of STEM images and NP sizes and distributions.  We 
also examine the effect of pitch on the nucleation and growth of Ga NPs.  For beam spot 
separations (pitch) less than the lateral spread of implanted ions, dose-limited diffusive 
growth is apparent.  When the pitch exceeds the lateral spread of implanted ions, the 
surface roughness increases, and Ga NP coalescence is apparent, leading to a bi-modal 
distribution of NP sizes.  We compare STEM and AFM images to understand the effect 
of surface curvature on the resulting NP distribution.  We also compare the NP sizes and 
distributions for these samples. 
In Chapter 5, we examined the effect of membrane nanostructure on coherent 
acoustic phonon damping.  Damping was similar for the amorphous samples, which 
included unimplanted samples with different thicknesses as well an as-implanted sample.  
Following implantation and annealing, a ~50% increase in damping was observed.  Both 
the FWHM as a function of frequency and the FWHM increased relative to the 
amorphous samples.  The increase is associated with the similarity in length scale of the 
NC dimensions and the mean free path of the acoustic phonons in the observed spectra.  
Further experiments could directly correlate nanostructures to damping of specific 












 to lead to materials with enhanced thermoelectric 





          (6.1) 
where σ is resistivity, S is the Seebeck coefficient, and κ is thermal conductivity.   
Preliminary samples have been made to measure the electrical conductivity.   
For these investigations, amorphous 500 nm SiNx/ 200 µm Si wafer pieces or 
amorphous 500 nm SiNx/ 2 µm SiO2/ 200 µm Si wafer pieces were irradiated with 
normal-incidence Ga
+
 ions using an FEI Nova 200 Nanolab dual-beam FIB system.  The 
SiNx layer was saturated with Ga
+




 dose irradiations at 

























), using a continuous raster 
scan mode, with p (pitch) = ½ d (spot size).   
 Contacts for 2-points probe electrical measurements were deposited as described 
in section 2.8.  Various contact recipes were used for these experiments.  These include 
(1) 10 nm TiN / 100 nm Ti/ 100 nm Au, (2) 100 nm Al/ 100 nm Au, and (3) 1 nm TiN/ 
100 nm Ti/ 100 nm Au.  None of these contacts resulted in significant conductivity, an 
example of which is shown in Fig. 6.1.  The high resistivity may be due to the high 
resistivity of the SiNx:Ga nanostructure, the contact resistance, or both.  Further 





6.2.2 Transmission Measurements of SiNx Membranes 
 
In Chapter 5, we described transmission geometry pump-probe measurements of 
transverse coherent acoustic phonons in the SiNx membranes. A variation in the 
amplitude and phase of the transverse waves across the surface of the 100 x 100 μm 
membranes is apparent. It is hypothesized that the amplitude and phase variations are due 
to constructive and destructive interference of the transverse waves reflecting from the 
membrane edges. Therefore, it is of interest to systematically vary the distance between 
pump excitation and membrane edges in order to "map" the transverse waves. This 
mapping could be used to compare the transverse acoustic phonon resonances of the 
existing thin SiNx membranes, potentially revealing effects of the microstructure on the 
damping of acoustic phonons. It is also expected that this measurement will reveal the 
influence of the membrane boundaries on the amplitude and phase of the transverse 
acoustic phonons. 
 
6.2.3 Ga-Rich Fractals: Chemistry, Crystallinity, and Acoustic Phonon Resonances 
 
In Chapter 3, we described the formation of Ga-rich fractals using FIB 
implantation followed by RTA.  From the Z-contrast of the HAADF STEM images, it is 
apparent that the fractals are Ga-rich, but the exact composition is unknown.  SAD 
patterns collected in the regions with fractal morphology suggest the presence of various 
NCs.  However, the crystallinity of the fractals themselves remains unknown.  Therefore, 
we suggest investigations of the chemistry and crystallinity of the fractals using SAD, 
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BF/DF, and EDX for a variety of irradiation doses both before and after RTA.  
Knowledge of the chemistry and structure of the fractals both before and after RTA will 
allow us to further compare our morphology transitions with those reported for Ga2O3 
and Ge fractals.  
Since the fractal regions contain structures with a variety of dimensions ranging 
from ~40 nm to several microns, they may enable preferential scattering of acoustic 
phonons in SiNx.  Thus, it would also be interesting to examine the influence of the 
fractal geometry and fractal dimension on the acoustic phonon resonances within these 
samples. 
 
6.2.4 Growth of Si Nanowires from Ga Nanoparticles 
 
In Chapter 4, we described processes for controlling the size, density, and 





For the 50 nm pitch as-implanted reference sample (Fig. 4.1(a)), the AFM of this sample 
in Fig. 4.1(e) suggests that the NPs may be within small divots in the surface.  This may 
enable uniform, vertical growth of Si nanowires.  Si nanowires have been previously 
been grown from Ga NPs following implantation and annealing.
19,4
  However, 
understanding of the early stage growth mechanisms of Ga NPs was not well understood, 
so a Ga NP distribution with low density and large size range was used for Si nanowires 
growth.  As mentioned in section 1.7, in order to enhance the properties of the laser, the 




), while a uniform size distribution is 
important for achieving quantum confinement within each of the semiconductor NCs, 
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while also ensuring a narrow energy range for the light emitted.  The NPs described in 
Chapter 4 meet these requirements, so the remaining question is whether Si nanowire 
growth from these NP can be demonstrated.  With a size of 3 nm, quantum effects may 
be observable, as a strong increase in quantum confinement is expected for diameters less 
than 2.2 nm.
110



























Fig. 6.1 Dual sweep IV measurement showing current (pA) as a function of Voltage 
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Selected Area Electron Diffraction Analysis 
 
When electrons are incident at a scattering angle θ to the planes of a crystalline 




 sin2d           (A.1) 
where λ is the wavelength of the electrons.  The angle between the incident and diffracted 
electron beam is 2θ, as shown in Fig. A.1.  For a polycrystalline specimen, the diffracted 
electron beams will form a cone with semi-angle 2θ, as shown in Fig. A.2.  The diffracted 
beams are incident on the TEM phosphor screen, forming a circle with radius R, such that 
 2tan/ LR          (A.2) 
where L is the distance between the specimen and the TEM phosphor screen.  The angle 
2θ is very small while the accelerating voltage is on the order of tens of kilovolts.
1
  We 
therefore can approximate sin θ as θ  and tan2θ  as 2θ .  Combining Eq. A.1 and Eq. A.2, 
we find that: 
  LRd           (A.3) 
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where λ and L are constants associated with the TEM.  We can then solve for d by 
measuring R.  We measure R from the captured diffraction pattern images using the 
method described below. 
 The diffraction image is loaded into ImageJ, software that denotes pixel 
coordinate values.  Before any R values can be measured, we must find the location of 
the center of the diffraction pattern.  For diffraction spot patterns, multiple sets of 
opposite spots can be connected with a line.  These lines will cross in the center of the 
diffraction pattern.  For polycrystalline ring patterns, concentric circles can be drawn in 
Microsoft Word, from which the center point can be found.  Once the center point is 
identified, it is marked with a red dot.  The image is then saved and then opened in 
ImageJ.  Linecuts are then taken of the diffraction pattern from the center point to any 
other point on the image.  The linecut is a plot of intensity as a function of R.  From this 
plot we can find the intensity peaks that correspond to the diffraction spots or rings.   
These R values must now be converted into d-spacings.  Because λ and L are 
constants, two arbitrary reflections are related by the equation: 








d            (A.5) 
In order to solve for d2, we use a reference diffraction pattern to define d1 and R1.  
It is desirable to have a reference that is in the TEM at the same time as the unknown, 
such that a small movement of the XY motion of the sample holder is the only difference 
between conditions used to obtain the unknown diffraction pattern and the reference 
diffraction pattern.  For our case we used the edge of the SiNx membrane window, which 
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is single crystal Si.  d1 and R1 were then found using the reference diffraction pattern 
along with the standard values listed with the International Centre for Diffraction Data 
(ICDD).   
The crystal structure (e.g. Si, Ga, Si3N4, ZB GaN, or WZ GaN) is then determined 
by comparing the calculated d2 values with the d spacings from the ICDD.  The observed 
d-spacings are also compared with the predicted highest intensity reflections, also listed 
in the ICDD, and the predicted ordering of the diffraction spots with respect to each 
other.  An example of the predicted intensities and ordering of diffraction reflections for 









d (Å) h k l I (normalized) 
3.1355 1 1 1 100 
1.9201 2 2 0 55 
1.6375 3 1 1 30 
1.3577 4 0 0 6 
1.2459 3 3 1 11 
1.1086 4 2 2 12 
1.0452 5 1 1 6 
  

















Fig. A.2 Schematic of electron diffraction from a polycrystalline sample.  The incident 
electron beam is diffracted from the sample, forming a cone with semi-angle 




















Fig. A.3 Examples of finding the center of a diffraction image (a) using polycrystalline 
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Appendix B 
Index of Samples 
 
This appendix is a series of tables of all the samples discussed within this thesis.  Table 
B.1 is the Ga-rich fractal samples discussed in section 3.4.2.  Table B.2 is the other 
samples discussed in Chapter 3.  Table B.3 is the Ga NP samples discussed in Chapter 4.  





Table B.1 Ga-rich Fractal Samples 
  




) Annealing Time @ 900ºC 
 30 keV 20 keV 10 keV 5 keV  
3.4(a) 2.85 2.85 2.85 2.85 16 min  
3.4(b) 3.05 3.05 3.05 3.05 16 min 
3.4(c) 3.23 3.23 3.23 3.23 16 min 
3.4(d) 3.43 3.43 3.43 3.43 16 min 
3.4(e) 3.63 3.63 3.63 3.63 16 min 
3.4(f) 3.8 3.8 3.8 3.8 16 min 
3.4(g) 4 4 4 4 16 min 
3.4(h) 4.18 4.18 4.18 4.18 16 min 






















 30 keV 30 keV 20 keV 10 keV 5 keV  
3.3 none 5.0 5.0 5.0 5.0 28 min  
3.7(a) 30 - - - - 8 min 
3.7(d) 30 - - - 5.0 8 min 
3.7(g) 30 - - - 5.0 16 min 




















Annealing NP size/ 
density 

























16 min @ 
900ºC 
7.7±2.2/1e12 




16 min @ 
900ºC 
11.9±2.7/5.5e11 




16 min @ 
850ºC 
 




16 min @ 
850ºC 
5.2±2.2/1.6e12 




16 min @ 
850ºC 
5.3±1.6/2.7e12 




16 min @ 
850ºC 
8.0 and 12.6 




16 min @ 
850ºC 
7.0 and 12.9 











Table B.4 SiNx:Ga Samples for Pump Probe Measurements in Chapter 5 
 
Figure 









5.4(a) 100 none None 
5.4(b) 200 none None 
5.4(c) 200 none 16 min @ 900ºC 
5.4(d) 200 2.0 None 
5.4(e) 100 2.0 16 min @ 850ºC 
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Appendix C 
Mechanisms of Diffusion 
 
This appendix contains equations for atomic diffusion, curvature-enhanced atomic 
diffusion, and thermal diffusivity.   
For atomic diffusion due to a concentration gradient, the flux, F, is: 
F = -D ΔC/Δx         (C.1) 
where D is the diffusivity, C is the concentration, and x is the position. 
For atomic diffusion due to a curvature gradient, the flux, F, is: 
F = (-D*C)/(RT) * Δµ/Δx       (C.2) 
Where D is the diffusivity, C is the concentration, R is the gas constant, T is the 
temperature, µ is the chemical potential, and x is the position.  The chemical potential 
due to a curvature gradient is given by: 
         (C.3) 
where µ is the chemical potential, γ is the surface energy, Ω is the volume added to the 
surface, and R is the radius of curvature.
1
 
For the transport of heat the flux, F, is: 
 F = -κ (-ΔT/Δx)        (C.4) 
Where κ is the thermal conductivity, T is the temperature, and x is the position.  The 
thermal conductivity can also be expressed in terms of the thermal diffusivity, α: 
 κ = αρcp         (C.5) 
where ρ is the density and cp is the specific heat capacity.  
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Appendix D 
Microstructural Analysis of HAADF STEM Images 
 
This appendix describes microstructural analysis of the nanostructure and areal 
fractions in chapters 3 and 4, and the fractal dimensions in section 3.4.2.  In all cases, 
SPIP 6.0.14
1
 was used to analyze HAADF STEM images, with pixels ranging from 0 to 
255, indicating grey-scales due to Z-contrast, with 256 appearing bright. 
 
D.1 Nanoparticle/Nanocrystal Size 
 
To analyze the nanoparticle/nanocrystal sizes of these bright Ga-rich 
nanostructures within our HAADF STEM images, a number of steps were performed. 
‘Threshold’ based detection using the ‘Particle and Pore Analysis’ tool was used to detect 
our nanoparticle/nanocrystals.
1
  First, bright features with an area larger than (5/2)
2
π = 
19.63 pixels were considered as potential NPs.  In order to find the threshold for each 
nanocrystal, the threshold was increased, starting from 80, by increments of 1 until SPIP 
detected the NP as a single NP.  If the threshold is too low, SPIP will combine close 
nanoparticle/nanocrystals into one or not detect the NP.  Once the proper threshold value 
was reached, the diameter of the diameter of the NP, as measured by SPIP, was recorded.  
An example of this process is shown in Fig. D.1.  The threshold was increased from 80 
(Fig. D.1.(a)) to 120 (Fig. D.1(b)) to 130 (Fig. D.1(c)) and finally to 137 (Fig. D.1(d)), 
where a value of 17.44 pixels was measured by SPIP to be the diameter of the NP.  Using 
this method, the diameters of the NPs across an image were collected. 
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We also examined using different background subtractions to normalize the image 
contrast.  Ideally, the images would be normalized such that a uniform threshold can be 
used for all the NPs.  Using different subtractions such as an average x-y profile, 
quadratic fit, and planar fit; the diameter of the NPs was found to be within 8% of the 
diameter of the NPs in the unaltered image.   But, despite these background subtractions, 
the threshold values still varied greatly across the sample.  These continued variations in 
threshold can be attributed to the variety of NP brightness, which may result from 
variations in the [Ga] within the NPs. 
Once the diameters of the NPs were collected, the diameters were split into bins 
with a size equal to the standard deviation and plotted in Origin,
2
 software by OriginLab 
Corporation.  By fitting this data in Origin, the standard error of the average NP size was 
found, where the standard error is defined as the square root of the variance of the data.  
Thus, we found that the standard error of the fits was expected to be up to 5% of the 
average NP size. 
 
D.2 Areal Coverage 
 
The areal coverage was found using a process similar to that in section D.1.
1
  In 
order to find the threshold for areal coverage, the threshold was increased, starting from 
80, by increments of 1 until the threshold which best identifies the overall nanostructure 
within the image is selected.  An example is shown in Fig. D.2.  The value for ‘Coverage’ 




D.3 Fractal Dimension 
 
We consider the fractal dimension, Df, where: 
n(ϵ) = ϵ
-Df
         (D.1) 
where n is the minimum number of open sets of diameter ϵ needed to include the entire 
fractal set.  To find the fractal dimension, we used the ImageJ function which calculates 
the fractal dimension of a monochrome image.
3
  First, using ImageJ we converted the 
image to a monochrome image, where the dark pixels are set to 0 (on the grey scale), and 
the bright pixels to 255.  Using this function we were able to calculate the fractal 
dimension of our images.  Since we analyzed 2D images, the fractal dimension should be 







































Fig. D.1 For this example the threshold was increased from (a) 80 to (b) 120 to (c) 130 
and finally to (d) 137, where the diameter of the NP was measured to be 17.44 
pixels.  Clicking on the indicated pink outline of the Ga-rich NP in (d) shows 






































Fig. D.2 Example of features identified by SPIP that were used to find the surface 
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Material Parameters and Procedure for Profile Code Simulations 
 
As mentioned in sections 3.3 and 4.3, Ion Beam Profile Code software by Implant 
Sciences Corp Profile was used to simulate Ga
+
 implantation into SiNx.  Profile Code 
simulations use empirical formulas based on Monte Carlo simulations to calculate 
implantation profiles.
1
  The simulation takes into account sputtering loss during 
implantation, unlike other simulations such as Stopping and Range of Ions in Matter 
(SRIM).  Sputtering calculations in Profile Code use empirical equations derived from 
best-fits to data compiled from the results of weight loss measurements, interferometry, 
and Rutherford backscattering experiments.
2
  For compounds, Profile Code assumes a 
simple rule of mixtures for sputtering coefficients, so verifying the sputtering coefficient 
is recommended.  Therefore, we measured the sputtering coefficient of SiNx due to Ga
+
 
irradiation as detailed below, and used it as the parameter to replace the default in Profile 
Code.  Our measured sputtering coefficient was found to be ~3 times smaller than the 
default value in Profile Code.  Other relevant parameters for simulations of Ga
+
 
implantation into SiN using Profile Code are presented in Table E.1.  The simulations 
were done using the standard non-Gaussian distribution for ion implantation, the Pearson 
4 distribution. 
Sputtering coefficients for normal incidence 30 keV and 5 keV irradiation were 
estimated by irradiating a 20 x 20 µm area of SiNx with Ga+ ions.  The resulting 
topographic profile was captured using AFM.  Presented in Fig. E.1 are AFM line cuts 
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from (a) 30 keV and (b) 5 keV irradiation.  From these lines cuts it is apparent that the 





.  Using these sputtering loss values, the sputtering coefficients were 
calculated and then used to adjust the default sputtering coefficients in Profile Code.  Our 










Table E.1 Properties of Ga implantation into SiN used for Profile Code simulations. 
Implantation 
Energy 










 1.200 ~ 155 nm 










































Fig. E.1 AFM lines cuts of 20 x 20 µm squares that were raster-scan irradiated (pitch = 
























Analyzing Thermal Conductivity Using Time-Domain Thermoreflectance 
 
 We now discuss measuring thermal conductivity using time-domain 
thermoreflectance.  A schematic of the pump/probe experimental setup is shown in Fig. 
F.1.  During measurements, a pump laser pulse heats the sample, while a probe laser 
reflects off the surface, measuring the thermoreflectance.  The temperature change 








RzT        (F.1) 
where R is the reflectivity, Q is the optical pulse energy, C is the specific heat per unit 
volume, ξ is the optical absorption length, A is the optical spot area, and z is the distance 
into the film.
3
  A is assumed to be large compared to d, while d is assumed to be large 
compared to ξ. 
 By comparing the temperature change ΔT to the results of a one-dimensional heat 
flow calculation, we can find the value of the thermal conductivity of the sample, κ.
4
  The 
temperature in the metal film is assumed to uniform after 30 ps.  Also, the lateral heat 
flow is assumed to be negligible compared to the heat flow into the sample.  Therefore 
















        (F.2) 
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where ),( tzTs  is the temperature at time t at a distance of z into the sample, and sc  is the 
specific heat per unit volume of the sample. 
 Also, the rate at which the metal transducer loses energy must also be equal to the 


















        (F.3) 
where )(tTm is the temperature of the metal film. 
 We must also consider the effect of the thermal-boundary resistance, KR , which is 
the ratio of the temperature difference across the transducer/sample interface to the heat 















       (F.4) 


















Fig. F.1 Experimental setup for pump/probe time-domain thermoreflectance 
measurements.  A pump laser pulse is incident on a metal film of thickness d.  
The heat generated from the pulse flows into the sample.  The probe laser 
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